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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Human salmonellosis is considered one of the most important foodbome illnesses in 
the United States. It is estimated that 5 million cases occur in the U.S. annually however a 
much smaller number are recognized and reported.113 In 1998, the estimated annual cost due 
to foodbome Salmonella infection was $2.3 billion.46 The organism is most often acquired 
after consumption of food from an infected animal or food contaminated with feces from an 
infected animal. While eggs are considered to be a major foodbome source of Salmonella, 
pork has been estimated to account for 6-9% of the cases in the U.S.46 and 10-15% in 
Denmark." 
In the case of pigs and other food producing animals there are two major concerns 
associated with Salmonella; clinical disease with associated morbidity and mortality, and 
subclinical infection that may not lead to economic loss due to lost production yet still may 
pose a serious threat to food safety. While clinical disease in pigs is much less common than 
infection, salmonellosis still accounts for major economic losses in the pork industry. A 
study from Iowa State University has shown that when changing pigs from a level 3 herd 
(high Salmonella levels) to a level 1 herd (low Salmonella levels), the net economic gain was 
$6,115 annually per 8,000-sq ft building at $50 cwt market price.54 It has been estimated that 
porcine salmonellosis in the U.S. costs producers $100 million annually.109 It is the 
subclinical carriers however that shed Salmonella in feces causing both infections of other 
pigs and an increased public health threat. New studies are now emerging that show the time 
required to infect pigs with Salmonella can be less than 3 hours.12,42,67,85 With this in mind, 
Salmonella negative pigs can become infected within hours after contact with contaminated 
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trucks, pens, or commingling with other positive pigs. It thus seems possible that the true 
prevalence of Salmonella positive pigs may increase dramatically from the time pigs leave 
the farm until slaughter thus elevating the risk of contaminated pork products and the threat 
to public health. 
The objectives of the work included in this dissertation were focused on the 
epidemiology and control of human food-borne Salmonella in finishing pigs. Study one was 
designed to estimate the prevalence of Salmonella in U.S. finishing pigs and also to 
characterize the diversity of isolates from the farms. This provided a baseline level of 
Salmonella in U.S. herds, as well as numerous strains of Salmonella for other studies, and 
identified candidate herds for future investigations. Study two focused on eliminating or 
reducing the amount of Salmonella on one of the farms identified in Study one. This 
provided a chance to evaluate the possibility of reducing Salmonella in conjunction with 
other disease eradication programs. Study three used two different farms from Study one in 
order to compare Salmonella isolated from pigs on the farm versus Salmonella isolated from 
cohort pigs at slaughter. Comparison of isolates by numerous methods permitted 
identification of disparities indicative of acute infection between the farm and abattoir. 
Finally, Study four investigated the ability of Salmonella vaccines to eliminate or reduce 
acute Salmonella infection of pigs as described in Study three. In other words, can a 
Salmonella vaccine be a form of food safety intervention by protecting pigs from becoming 
infected between the farm and abattoir? 
Dissertation Organization 
This dissertation is organized in journal paper format. Chapter 1 includes a general 
introduction followed by a review of the literature. Chapters 2, 3, 4, and 5 are the author's 
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research projects prepared in manuscript form for publication. Matthew M. Erdman was the 
primary researcher and author of all manuscripts with assistance from co-authors. Chapter 6 
is the general conclusions and implications of the conducted research followed by an 
appendix and acknowledgments. 
Literature Review 
Salmonella spp.: classification and characterization 
Daniel E. Salmon discovered the first strain of Salmonella in 1885. Salmonellae are 
considered zoonotic organisms and can infect numerous species including chickens, turkeys, 
cattle, pigs, sheep, horses, dogs, cats, reptiles and humans. This ability to infect multiple 
hosts makes them a highly successful pathogen as well as a significant food safety risk.117 
The gastrointestinal tract of animals is the major reservoir of Salmonella and when found in 
the environment; fecal contamination is the most likely source.98 While the majority of 
Salmonella serovars are considered capable of infecting multiple species, some are 
considered to be host adapted and cause a unique disease in a specific host but maintain the 
ability to infect other species as well. Salmonella enterica subspecies enterica serovar 
Choleraesuis for example is a host adapted organism of swine. As will be discussed later, S. 
Choleraesuis in pigs causes a systemic disease (porcine paratyphoid) which is clinically 
different than the porcine enterocolitis seen with other strains. Other host adapted serovars 
include S. Typhimurium in mice, S. Dublin in cattle, and S. Gallinarum in poultry. 
The genus Salmonella in the family Enterobacteriaceae are gram stain negative rods 
that are generally, but not always, motile via peritrichous flagella. Salmonella strains have 
numerous biochemical characteristics useful for identification and differentiation from other 
genera of Enterobacteriaceae including but not limited to: lactose and sucrose negative, do 
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not hydrolyse urea, do not deaminate phenylalanine, hydrogen sulfide (H2S) production 
positive, and decarboxylate lysine and ornithine. Other Salmonella characteristics such as 
resistance to bile salts (e.g. desoxycholate) allow for partial selective plating on media such 
as xylose-lysine-desoxycholate (XLD) plates.133 These properties of Salmonella have been 
used to construct protocols for isolation of the organism from food, tissue, and environmental 
samples. Although there are various media available for use, a typical protocol will include 
the following: a pre-enrichment step to allow for recovery of damaged organisms, selective 
enrichment to allow for propagation of Salmonella, selective plating to isolate and 
presumptively identify Salmonella colonies, and colony selection and inoculation of various 
biochemical tests for confirmation. 
Salmonella strains are further characterized based on antigenic diversity mainly 
within somatic (O) and flagellar (H) antigens. The O antigens comprise specific side chains 
extending from the core within the bacterial lipopolysaccharide. These side chains are 
repeated monomers of various saccharides including D-galactose, L-rhamnose, and D-
mannose. Multiple genes are associated with the production and expression of O antigens 
however both phages and plasmids can modify expression of these O factors.102,108 
Mutations can also knockout expression of O antigens, thus presenting as a rough phenotype. 
Flagella are made of the protein flagellin and comprise the H antigen. The Salmonella H 
antigen can be monophasic or diphasic with the latter possibly contributing to helping 
survive the host immune response.86 Serotyping of Salmonella based on antigens can 
currently be summarized by the Kauffmann-White scheme.101 Based on this classification 
system, there are currently approximately 2500 different serovars. 
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Serologic testing for Salmonella is considered more sensitive and easier for testing 
large numbers of samples when compared to culture.61,62 Numerous enzyme-linked 
immunosorbent assays (ELISA) have been described for monitoring Salmonella indirectly by 
detecting anti-Salmonella antibody. Most of these tests use LPS antigen to capture specific 
antibody from a test sample. For example, a mix-ELISA has been described in Denmark for 
the monitoring of Salmonella in swine.100 In this assay, plates are coated with O antigens 1, 
4, 5, 6, 7, and 12 and incubated with diagnostic sera. After washing and subsequent addition 
of rabbit anti-swine Ig immunoglobulin labeled with horseradish peroxidase, an optical 
density percent (OD%) can be recorded. While initial work in Denmark used an OD% of 40 
as the cut off for a positive sample, current work in the United States has suggested the cut 
off be lowered to at least an OD% of 30.33 Serologic monitoring using the ELISA does not 
directly detect the presence of Salmonella but rather exposure and seroconversion. Thus, 
serology is more accurately used not as an individual pig test but rather as a herd monitoring 
tool. It should be noted however that work in Denmark and in the U.S. has shown a 
correlation between serology and culture.6'31,62,120 This is important as these are currently the 
two most common methods for monitoring Salmonella and their correlation allows for 
comparison of trials employing either one or the other. Numerous other ELISAs are available 
for detecting Salmonella exposure in pigs, many of which were compared in a multi-lab, 
international trial.129 
Numerous primers for the polymerase chain reaction (PGR) have been developed to 
detect Salmonella*'23'53'*9 and a rapid, fluorogenic PGR assay specific for a 287-bp region of 
the invA gene has been described for the detection of Salmonella in food products.22 A real -
time PGR has also been used to detect Salmonella in artificially spiked swine samples with a 
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sensitivity of 1 cfu/ml116 and other types of samples.38,75,131 However quantitation is difficult 
because the described real-time PGR assays use an enrichment step in order to increase 
sensitivity. This enrichment allows for uncontrolled proliferation of the organism and 
ultimately leads to only a qualitative interpretation. Recently a one tube nested PGR was 
described capable of detecting 150 cfu/g of feces without pre-enrichment.122 
Various other methods are available to further classify and detect strains of 
Salmonella. Phage typing is based on the ability of a specific phage to lyse a Salmonella 
isolate. Phage typing has been used extensively to classify antibiotic resistant Salmonella, the 
most notorious being the penta-resistant S. Typhimurium definitive type 104 (DT 104). 
Plasmid profiling is based on extracting the plasmids from Salmonella and determining their 
size via comparison to known E. coli standards. Comparison of plasmid number and size can 
further differentiate strains within a serovar1 and presence or absence of known plasmids 
may also predict virulence of the isolate.134 Ribotyping is a classification method that 
compares bacterial rRNA sequences.39 Bacterial DNA is extracted from the Salmonella 
isolate, digested with a restriction endonuclease, electrophoresed, and then bound to a 
nitrocellulose membrane. The blot is then hybridized with an rRNA probe and analyzed by 
autoradiography to demonstrate same or different ribosomal banding patterns. 
Pulsed-field gel electrophoresis (PFGE) allows visualization and comparison of 
chromosomal DNA cut with restriction endonucleases. The DNA restriction patterns 
produced following digestion and electrophoresis are analyzed with various software 
programs to show relatedness and dendrograms of multiple isolates. PFGE allows further 
subtyping of isolates within a serovar and may also provide information related to the 
isolated antimicrobial susceptibility profile.9 PGR using primers for repetitive sequences 
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(Rep-PCR) is another method of producing DNA fragments for electrophoresis and 
135 comparison. 
Disease and Pathogenesis 
Human salmonellosis is most often associated with the consumption of contaminated 
food. It has been suggested that ingestion of less than 103 organisms can cause disease.13 The 
incubation period following ingestion can be as little as 6 hours with an average time to 
illness of 12 to 36 hours.113 The most common symptoms are acute enterocolitis, headache, 
abdominal pain, diarrhea, and nausea. Anorexia and diarrhea may continue for days after 
onset. Septicemia is possible leading to systemic lesions in the heart, brain, lungs, kidney, 
and/or joints mainly due to endotoxemia. Death is uncommon except in infants, the elderly, 
and the immunosuppressed.113 
Transmission of Salmonella in pigs mainly occurs via the fecal-oral route although 
aerosol transmission may be possible.117 It has been estimated that 108 to 1011 organisms are 
needed to cause clinical disease. As with humans, the type or extent of disease seen depends 
on serovar, virulence, and dosage of organism.109 The septicemic form of disease in pigs is 
most often associated with S. Choleraesuis but can be mimicked by other serovars. Pigs 
become anorexic, lethargic and febrile with temperatures of 105-107 F.117 Respiratory 
distress is usually present early but diarrhea is not. Gross lesions include colitis with 
infarction of gastric mucosa, swollen lymph nodes, splenomegaly, hepatomegaly and 
pulmonary congestion.41 Foci of hepatic necrosis are often seen grossly and associated with 
the microscopic paratyphoid nodule consisting of histiocytes and coagulation necrosis. 
Enterocolitis is often associated with the other serovars of Salmonella, most notably 
S. Typhimurium. Pigs are still anorexic, lethargic and febrile but present with a watery, 
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yellow diarrhea. Mortality is low but can occur due to hypokalemia and dehydration 
associated with the diarrhea. The major lesions are a focal or diffuse fibrinous enteritis, 
colitis, or typhlitis with the presence of delineated button ulcers. 
Diarrhea associated with salmonellosis is usually associated with inflammation 
leading to malabsorption and fluid leakage. In addition, enterotoxin production and an 
increase in cyclic AMP may induce a secretory diarrhea.51 Numerous other virulence factors 
including mannose-resistant adhesins, fimbriae, LPS, and flagella have been described. 
Intracellular survival, especially within phagocytes, contributes to Salmonella virulence and 
will be discussed further in section entitled, "Immune Response." Much of the organism's 
virulence has been associated with type III protein secretion systems (TTSS) located within 
Salmonella pathogenicity islands (SPI).28 These include TTSS-1 associated with intestinal 
invasion and encoded by SPI-1 as well as TTSS-2 associated with systemic spread of the 
organism and encoded by SPI-2. Localized gastroenteritis is very closely associated with 
TTSS-1, which mainly translocates effector proteins into the cytosol of host cells.144 These 
effector proteins then stimulate production of proinflammatory mediators within host 
mucosal cells. Undoubtedly more virulence factors may soon be better understood due to 
completion of the S. Typhimurium genome sequencing.90 
Immune Response 
Numerous factors including organism virulence, dose and route of entry can affect the 
outcome of Salmonella infection. Regardless of the aforementioned factors, the immune 
system, antibiotics, and vaccines (the latter two will be discussed later) all work to decrease 
or eliminate the infection. Considering a naïve, nontreated, and nonvaccinated pig with oral 
exposure, innate immunity is the first line of defense and may be the difference between 
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clinical and subclinical disease. The first hurdle for Salmonella is generally considered to be 
the acidity of the stomach although a paradigm shift may be necessary due to alternate routes 
of entry as discussed in the "Acute Salmonella Infection" section below. Stomach 
environment can vary depending on diet but a normal pH would be between 3 and 4. It has 
been found that feeding a coarse, non-pelleted ration can decrease the pH of the stomach, 
increase the concentrations of organic acids, and increase the numbers of anaerobes in the 
gastrointestinal tract.93 This will be further discussed in a later section. Those organisms that 
reach the small intestine must then compete with normal flora and their products (e.g. lactic 
acid) in order to reach and penetrate the intestinal wall.71 Non-specific factors present in the 
intestine such as complement, lysozyme, defensins, colistins, and phagocytes further work to 
decrease the numbers of viable salmonellae. In order to spread systemically from the 
intestine, Salmonella invade the Peyer's patch and encounter professional phagocytes. After 
internalization the organisms must survive oxygen dependent killing mechanisms such as 
superoxide anions, hydrogen peroxide, hypochlorite, and hydroxyl radicals, as well as 
oxygen independent mechanisms such as acidification and degradative enzymes.71 This 
survival is required for virulence45 and is accomplished by numerous factors including the 
production of heat shock proteins and prevention of phagosome-lysosome fusion. It is worth 
noting that one study has shown that macrophages actually contribute to pathology of the 
disease.136 Elimination of macrophages in mice prior to challenge with S. Typhimurium 
resulted in a decreased morbidity and mortality. 
Another emerging aspect of innate immunity is natural resistance. Genes have been 
identified that provide resistance to infection caused by Salmonella.88 One such gene is for 
the natural resistance-associated macrophage protein (Nrampl).76,119 This gene, which has 
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been isolated and cloned from the pig143, regulates the growth of intracellular bacteria 
including S. Typhimurium. While the exact mechanism of resistance is unknown, the gene is 
induced by LPS or IFN-y and its phenotypic expression in vivo occurs in the macrophage. 
Recent work has suggested Nrampl regulates intraphagosomal replication by controlling 
divalent cation concentrations at that site.55 
While innate immunity is the first line of defense, acquired immunity is important for 
clearing an infection or preventing a future one. Work in gnotobiotic pigs has characterized 
the early cytokine response to virulent S. Typhimurium.121 Pigs sacrificed 24 hours post 
infection (p.i.) showed increases in IFN-y, TNF-a, and IL-ip. IFN-y is a cytokine produced 
by Thl cells and stimulates formation of other Thl cells while activating NK cells and 
macrophages.127 Thl cell production as well as IFN-y synthesis is stimulated by IL-12 which 
has also been shown to be induced by viable Salmonella 24 TNF-a is a cytotoxin produced 
mainly by macrophages which stimulate T cell growth, the acute-phase response, and 
macrophages to increase their own synthesis. The major source of IL-1(3 is the macrophage 
and the cytokine stimulates Th2 cells and the acute-phase response. It is evident that T cells 
play an important role in Salmonella immunity. More specifically it has been shown that 
Salmonella infection induces a CD4+ helper T cell 1 (Thl) response.65 McSorley et al.91 
showed this T cell response to be very rapid (within 3 hr after oral infection) but also to be 
very localized to the intestinal mucosa. It was hypothesized that dendritic cells in the Peyer's 
patches were able to rapidly capture and present antigen to local lymphocytes without 
migrating to local lymph nodes. 
While a cellular response is certainly induced by Salmonella, protection may also 
require a humoral component. Numerous studies have shown that measurable antibody is 
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produced by the host to various fractions of the Salmonella bacterium including 
flagellin114'115, soluble outer membrane protein58, and LPS.100 Mittrucker et al.94 
demonstrated the importance of B cells in protective immunity to Salmonella. Although B 
cells have many functions, it was suggested that antibody production contributed to the 
results. Passive immunization more clearly indicated the importance of antibody protection. 
Orally administered egg yolk antibodies protected mice from experimental salmonellosis.141 
McSorley et al.92 showed that specific antibodies are required for protection against virulent 
S. Typhimurium in vaccinated hosts. Interestingly antibody was not required for protection 
against an attenuated S. Typhimurium aroA mutant. They hypothesized that serum antibody 
may slow the buildup of rapidly dividing Salmonella allowing time for T cell and 
macrophage activation and that attenuated Salmonella do not multiply fast enough for this to 
be an issue. Another role for serum antibody is opsonization. Polymorphonuclear leukocytes 
(PMN) incubated with S. Typhimurium show enhanced phagocytosis and oxidative burst 
after bacteria were opsonized in immune sera.106 
After experimental challenge with virulent S. Typhimurium, pigs seroconvert in about 
7-10 days.100 It is thus unlikely that antibody would contribute to the early response in a 
naïve pig. However antibody induced by vaccine or previous exposure to a virulent strain 
may reduce the chance of infection after a subsequent exposure. Wingstrand et al.139 showed 
that pigs challenged with as low as 500 cfu of virulent S. Typhimurium seroconverted and 
were protected against homologous rechallenge 21 days later. Similar results have been 
shown in attenuated vaccine trials which will be discussed in a later section. While the 
benefits of serum antibodies have been discussed, secretory IgA (slgA) plays an important 
role in local mucosal immunity103 and may be the first line of humoral defense. Mucosal 
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antibodies can inhibit attachment, aggregate the pathogen, interact with complement, and 
trigger antibody-dependent cellular cytotoxicity.142 The overall function then is to prevent 
translocation of the organism across the epithelial barrier via immune exclusion. Recent work 
has also introduced the idea of immune inclusion in which the mucosal immune system may 
help maintain biofilms in the gut further inhibiting pathogens from breaching the intestinal 
40 
mucosa. 
Antimicrobial Resistance 
Resistance to antimicrobials is a continually progressing problem that can greatly 
influence the management, cost, morbidity, and mortality associated with disease. The fear of 
antimicrobial use in veterinary medicine adversely impacting their use in human medicine 
has led to some antimicrobial bans in food animals as well as their voluntary exclusion from 
value-added pork production. The emergence of multi-drug resistant Salmonella, most 
notably Salmonella enterica serovar Typhimurium definitive type (DT) 104 (referred to from 
here on as DTI 04), has been directly blamed on the use of antimicrobials in food animal 
production.107,126 DTI04 is frequently isolated from both humans107 and pigs49 and 
transmission from animals to humans has been documented.2,64 DTI04 will be the focus of 
the rest of this section. 
DTI04 has drawn much attention due to its multiple antimicrobial resistance, 
widespread geographic distribution, and isolation from humans as well as food producing 
animals. DTI04 isolates carry their resistance genes on both the chromosome and plasmids 
and are classically pentaresistant to ampicillin, chloramphenicol, streptomycin, sulfonamides, 
and tetracylines (resistance (R)-type ACSSuT) although resistance to other antimicrobials 
may also be present. In the United States in 2000, the National Antimicrobial Resistance 
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Monitoring System (NARMS) for enteric bacteria determined the resistance for over 1378 
non-Typhi Salmonella isolates.20 Salmonella Typhimurium comprised 22% of these isolates 
of which 28% had the ACSSuT R-type commonly associated with DTI 04. The presence of 
intégrons InC (1.0 kb) and InD (1.2 kb) on the chromosome encode for the DTI 04 resistance. 
This is in contrast to multidrug-resistance of other isolates, including S. Choleraesuis, which 
is solely associated with plasmids.17'26'50'59 It is hypothesized that integration of these genes 
into the chromosome provides a lessened chance of reversion to susceptibility, compared to 
plasmid mediated resistance, if the antimicrobial pressure is lifted. 
After emergence in the early 1990's, Denmark began working to specifically 
eliminate or reduce DTI04 on pig farms. Results have been variable but it seems possible to 
significantly impact the level of DTI 04 in some systems.70'95 To date there are no known 
efforts to specifically eliminate DTI04 from pig farms in the U.S. 
Epidemiology of Salmonella in swine 
The need for control of Salmonella in the food chain has prompted abundant 
investigation into the epidemiology of the organism in swine. Numerous studies have looked 
to determine the Salmonella prevalence in swine as well as the most common serovars 
present. Herd prevalence estimates based on culture have ranged from 22-66.7% 3>18>82'128'130 
while individual sample prevalence has ranged from 3-17.5%.18'35'105'128 On-farm prevalence 
has been identified as a predictor of slaughter prevalence4 although conflicting work has 
shown individual pig prevalence increases in pigs transported and slaughtered at the abattoir 
versus pigs slaughtered at the farm of origin.66 Various studies and sources have also 
identified the serovars most commonly isolated.18'19'82'105'128 As seen in TABLE 1, numerous 
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Salmonella serovars found in swine have also been isolated from cases of human 
salmonellosis. 
While salmonellosis in weaned pigs does occur, it is much less frequent than the 
subclinical infection seen in all age groups. The fact that infection is not always related to 
disease makes for difficult interpretation of transmission, shedding, and carrier states.117 
Extensive work has been done to identify risk factors associated with Salmonella infection of 
swine.7'10'16'47,63 However the major problem still revolves around fecal shedding of 
Salmonella by infected pigs. A dosage of 106 cfu of S. Choleraesuis can lead to persistent 
carriers.57 However, pigs challenged with 108 cfu and actively shedding only 103 cfu of S. 
Choleraesuis are able to infect negative pigs within 24 hours.56 A similar study using S. 
Typhimurium also confirmed the importance of shedder pigs for this serovar.43 Diseased pigs 
can shed up to 107 S. Typhimurium per g feces60 and can be persistently infected for up to 28 
weeks after exposure.140 Routes of inoculation and dose have both been shown to influence 
infection with S. Typhimurium.44 
Effects of Transport and Lairage on Salmonella in Swine 
Subclinical infection of pigs with Salmonella in association with transport and lairage 
continues to be a highly investigated/debated area of pre-harvest food safety. While experts 
do not fully agree on the mechanism123, old and new research alike provide evidence that 
Salmonella prevalence can increase from the time the pigs leave the farm until the time of 
processing. 
It has long been known that control of exposure to Salmonella prior to processing is 
important in order to reduce the amount of infection in animals.48 While Salmonella control 
at the farm level remains important, hygiene at the abattoir can not be forgotten. Swanenburg 
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et al.124 have shown environmental samples from lairages to be 70-90% Salmonella positive 
when pigs were present. After normal cleaning and disinfection, 25% of environmental 
samples remained positive for Salmonella contamination. Recently in the U.S., Rostagno et 
al.112 showed that numerous Salmonella serovars could be isolated from abattoir holding pens 
before and after cleaning. 
A study by Lee et al.78 concluded that infection at slaughter originated from the farm 
and not the abattoir due to the fact that not all groups of pigs at the abattoir had the same 
prevalence and serovars. However, exposure and susceptibility were not considered as 
variables to explain this observation. Craven and Hurst investigated the effect of the actual 
time in lairage compared to the number of Salmonella positive pigs via cecal culture at 
slaughter.30 They showed that the prevalence of Salmonella positive pigs from various 
sources was highest after 1 day of lairage (70%) and then decreased at 2 days (49%) and 3 
days (41%). This suggests that the infection is actually a transient contamination that is at its 
highest in the first 24 hours of holding. However, because pigs were collected from various 
sources and transported together it is possible that maximum Salmonella exposure occurred 
long before arrival to the abattoir thus making it difficult to interpret the results. In contrast, 
pigs from a single producer in a similar study showed increasing cecal and skin prevalence 
after 18 (18.5%), 42 (24.1%), and 66 (47.7%) hours.97 Based on serovar data, the authors 
concluded that the primary source of carcass contamination was intestinal infection. This was 
later confirmed by Davies et al.36 in two abattoirs where pig prevalence was 22% and 11.6% 
and carcass prevalence was 25.7% and 7.0% respectively. Thus, an increasing rate of pig 
infection can be directly correlated to an increase in carcass contamination. 
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Hurd et al.68 investigated whether any lairage itself or lairage in contaminated holding 
facilities was responsible for increased Salmonella prevalence. Market weight pigs were 
assigned to either a lairage group (lairaged in clean facilities at National Animal Disease 
Center) or control group (remained on the farm). The lairage group was held for 18 hours 
before both groups were sent to the abattoir, commingled, and slaughtered. Salmonella 
prevalence of all pigs combined increased from 3.4% on farm to 71.8% at the abattoir. 
However, the lairage group had a significantly lower prevalence suggesting that clean lairage 
by itself does not increase shedding. This group next studied the difference in Salmonella 
infections of market swine with and without transport and holding.66 Market pigs were 
randomly assigned to be necropsied on the farm or necropsied after transport and holding. 
Identical samples were collected at both necropsy sites and cultured for Salmonella. Overall, 
those necropsied on the farm were 5.3% positive while those necropsied after transport and 
holding were 39.9% positive. This increase was observed for each farm tested (n=6) and each 
sample type cultured (n=3). This work identified acute infection during transport and holding 
as a major risk factor for Salmonella control. 
Transportation to the abattoir is also a major concern for Salmonella infection. The 
chances of or transmitting enteric or respiratory diseases is increasing due to transportation 
associated with multi-site production and proximity to the packing industry.125 Berends et 
al.11 identified and analyzed via odds ratio the risk factors associated with management and 
transport regarding Salmonella in pigs. Positive Salmonella status before transport, lack of 
transport hygiene, and transport stress had odd ratios of 4.0, 1.1, and 1.9 respectively. Based 
on these studies, the status before transport is the highest risk factor since cleaning and 
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disinfection can prevent cross contamination from other sources, but not from within a 
source. 
Stress associated with transport or commingling with other pigs may increase enteric 
shedding of Salmonella thus increasing the environmental contamination load. Transit times 
ranging from 30 min to 5 h also significantly changed the antimicrobial resistance of fecal 
bacteria.77,96 Transporting long distances (>1 hour) and extreme temperatures have been 
shown to increase endotoxin levels as well as contamination of lymph nodes and other 
organs.118 Perhaps more importantly, the serum bactericidal activity decreased after stressor 
action. This in conjunction with increased exposure likely contributes to the contamination of 
lymph nodes and other organs. 
This risk of carcass contamination has also been correlated with the seroprevalence 
on the farm. Quirke et al.104 found pigs from a level 3 herd had higher levels of carcass 
contamination when compared to those of a level 1 herd. Similar results were seen be Dahl et 
al.32 except that low seroprevalence herds had higher carcass prevalence than expected. It 
was suggested that the reason was cross contamination during transport, lairage or 
processing. 
In association with transportation to market, feed withdrawal has also been 
investigated as a risk factor.69 When feed was withheld 24 hours prior to slaughter there was 
no difference between transported and non-transported pigs for ileocecal culture. However, 
when feed was not withheld, the proportion of transported pigs positive for S. Typhimurium 
was significantly higher. 
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Acute Salmonella Infection of Swine 
The cross-infection during transport and lairage discussed above depends on various 
factors including rate of excretion from infected animals, infective dose, and 
route/dissemination of infection. In 1965, de Jong et al.37 investigated the effect of dose and 
administration route on Salmonella infection in calves. Some of these calves were 
esophagotomized in order to determine if mechanisms of dissemination other than simple 
alimentary migration were occurring. Their results showed that after oral inoculation with 
1010 Salmonella organisms, dissemination occurred very rapidly. Within 30 minutes, lymph 
nodes of the head and mesentery as well as the stomach and ileum were Salmonella positive. 
After 2-4 hours, lung, spleen and rectum were also positive. Results of blood culture were 
positive for 2 of 6 calves at 2 hours and 5 of 6 calves at 5 hours. The calves which underwent 
esophagectomy had Salmonella positive lymph nodes, abomasum, rectum, spleen, liver, 
muscle, and blood at 20 hours post-inoculation (p.i.). These results suggested an acute, 
hematogenous or lymphatic spread of Salmonella to internal lymph nodes and organs within 
hours of exposure. 
Similar studies were conducted in swine by Fedorka-Cray et al.42 Pigs were 
esophagotomized, challenged intranasally with 109 cfu of S. Typhimurium, and necropsied 3, 
6, 12, and 18 hours later. Results indicated that lymph nodes and internal organs including 
the intestinal tract were culture positive at 3 hours p.i. and remained positive at 18 hours p.i. 
However only one Salmonella positive blood culture was found (12 hours p.i.). Additional, 
non-esophagotomized pigs were challenged in the right caudal lung lobe via transthoracic 
needle. Similar results occurred in that lymph nodes, internal organs, and the intestinal tract 
were culture positive 3 hours p.i. Based on this work, the authors suggested that Salmonella 
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entered the hosts via the tonsils, nasal associated lymphoid tissue (NALT), and/or lungs 
leading to a systemic infection independent of intestinal invasion. 
Numerous other studies have observed this rapid dissemination of Salmonella. Blaha 
et al.12 found positive intestinal samples 1 hour after pigs were fed S. Typhimurium orally. 
Hurd et al.67 challenged pigs intranasally with S. Typhimurium and allowed these pigs to 
shed the organism in their feces thus simulating a contaminated lairage pen. Salmonella 
negative pigs were then introduced into the contaminated holding pens and necropsied at 2, 
3, and 6 hours post-exposure. Samples collected included mandibular lymph node, ileocecal 
lymph node, superficial inguinal lymph node, cecal contents, ileum and feces. At 2, 3, and 6 
hours, 80%, 60%, and 100% of the pigs respectively had at least one Salmonella culture 
positive sample. The concentration of S. Typhimurium in the contaminating feces was 
estimated at 103 cfu/g although the amount consumed or inhaled was unknown. Later work 
by Loynachan et al.84'85 determined that various serovars are capable of acute infection and 
that the minimum infectious dose (MID) 50 is indeed > 103 cfu/g. 
Studies to determine mechanisms of rapid dissemination have focused mainly on the 
intestine as opposed to the upper respiratory or alimentary tract. Bolton et al.15 found that 
invasion of ligated ileal loops of calves and pigs in vivo at 3 hours p.i. occurred equally in 
absorptive mucosa as it did in Beyer's patch mucosa. The authors thus concluded that 
Salmonella invasion is not limited to nor prefers Peyer's patch associated M-cells. Vazquez-
Torres et al.132 conducted similar experiments in ligated intestinal loops of mice. They found 
that CD 18-expressing leukocytes (not further identified by authors) carrying invasion-
deficient S. Typhimurium could be found in the lamina propria of the ileum as well as in the 
blood as early as 5 minutes after inoculation. Thus, because Salmonella can survive inside 
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CD 18-expressing phagocytic cells after uptake, the immune system itself provides a potential 
route of dissemination throughout the body. 
Considering this information, it is obvious that pigs can become acutely infected with 
Salmonella although the exact mechanism is not known. Through the combination of acute 
infection, potentially contaminated environments such as trucks and lairage pens, and 
sufficient time (> 3 hours) spent in these environments, it is possible that pigs are becoming 
systemically infected with Salmonella between the time they leave the farm and are 
processed. Although this acute infection is not immediately detrimental to the health of the 
pig, it could potentially increase the prevalence of Salmonella infected pigs entering the pork 
processing chain. 
Salmonella Vaccination 
Due to the clinical disease and subsequent economic impact, the need for a 
Salmonella vaccine for swine became evident. Most vaccine research in the United States 
has focused on Salmonella Choleraesuis as this host adapted serovar is responsible for the 
more severe, septicemic form of the disease in pigs. All commercial vaccines labeled for 
swine in the U.S. are thus derived from S. Choleraesuis and include Argus SC (Intervet), 
Enterisol SC-54 (Boehringer Ingelheim Vetmedica), Salmo Shield Live (Novartis), and 
NITRO-SAL (Arko). Argus SC and Enterisol SC-54 are the most commonly used and will be 
discussed in further detail below. It should be noted that all of these vaccines are of the live, 
avirulent type. This is due to the fact that effective immunization against intracellular 
bacteria such as Salmonella is best achieved via live attenuated vaccines.29 
In 1992, Kramer et al.110 showed that Salmonella can be cultured from porcine 
neutrophils from pigs without clinical signs or culture positive feces. This group went on to 
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show that passage of S. Choleraesuis strain 38 (SC-38) in porcine neutrophils in vitro 
resulted in various changes.111 Specifically, the passaged strain (38PMNa-5x) had an 
increased resistance to neutrophil and hydrogen peroxide killing, loss of invasiveness of Vera 
cells, and decreased virulence in mice. It was determined that the isolate had been cured of a 
50 kb plasmid and hypothesized that this was the reason for the decreased invasiveness and 
virulence. This was further supported by the fact that reinsertion of the 50 kb plasmid led to a 
partial, but not complete, reversion to virulence. This partial reversion may have indicated 
other changes besides loss of the 50 kb plasmid had occurred. The loss of this virulence 
plasmid was later confirmed by Weide-Botjes et al.134 and proved unique to SC-54 when 
compared to 26 other unrelated field isolates of S. Choleraesuis. Strain 38PMNa-5x was later 
designated S. Choleraesuis strain 54 (SC-54) and was distinguishable from its parent strain 
(SC-38) by its ability to ferment D-xylose.73 SC-54 was immediately investigated as a 
vaccine candidate by inoculating mice and pigs and also by conducting field trials in swine. 
SC-54 was a good vaccine candidate as it did not revert back to virulence, nor did it 
adversely affect weight gain. SC-54 was effective based on significant differences between 
weight gain, clinical signs, and bacterial colonization of organs between vaccinates and 
nonvaccinates after challenge with the parental strain SC-38.109 Baum et al.5 investigated 
cross-protection afforded by SC-54 against serovars other than S. Choleraesuis. In pigs 
experimentally challenged with Salmonella Typhimurium (109 cfu), vaccinates had reduced 
fecal shedding when compared to nonvaccinates. When the vaccine was used in a 
commercial herd, vaccinates had a significant decrease in culture prevalence at slaughter for 
serogroups B and CI but not for C2 or E. All serogroups considered, vaccinates had less 
mesenteric lymph nodes positive at slaughter (p < 0.05) than did nonvaccinates. 
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Seroprevalence was also lower for vaccinates when meat juice was assayed using the Danish 
mix-ELISA (DME). More current work by Letellier et al.81 also evaluated SC-54 against a 
virulent S. Typhimurium challenge. They reported a reduced presence of Salmonella in the 
mandibular lymph node and a significantly (p < 0.05) lower prevalence in the ileum after 
challenge with 107 cfu. These results suggested that SC-54 may cross-protect against other 
Salmonella serovars and reduce the carrier state in swine. Further work showed SC-54 
vaccinated pigs had significantly higher phagocytic cell activation, higher titer of IgA in the 
ileum, and decreased villi height as well as decreased density of mucus and goblet cells in the 
small intestine.80 These results indicated that a local response induced by SC-54 may be 
responsible for decreased colonization by S. Typhimurium. 
The S. Choleraesuis strain used in the Argus SC/ST vaccine originated from work by 
Kennedy et al.72 in 1999. Strain x3781 Acya A(crp-cdt) vpl+ was a mutant derived from the 
virulent swine field isolate x3246. The genotype of x3781 included inability to synthesize 
adenylate cyclase (Acya) or cAMP receptor protein (Acrp). These mutations lead to impaired 
abilities to transport and break down carbohydrate and amino acid catabolites as well as 
inability to synthesize functional fimbriae. An additional gene believed to be involved in 
virulence and more specifically the ability to colonize deep tissues was also deleted (Acdt). 
This particular strain did continue to harbor the S. Choleraesuis virulence plasmid however 
(vpl ). Trials in pigs determined that strain x3781 was safe in pigs and did not revert to 
virulence. Pigs vaccinated with x3781 showed no significant difference in mean maximum 
temperatures when compared to nonvaccinated, nonchallenged pigs. Vaccinates were 
protected from disease following challenge with virulent S. Choleraesuis P92-091 (8.9 x 109 
cfu). It was also noted that these vaccinates did not shed virulent S. Choleraesuis. It was 
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hypothesized that a diminished invasiveness kept strain x3781 associated with the gut and 
thus led to an increased localized immune response inhibiting gut colonization by the 
challenge strain. Interestingly, the vaccine did not induce circulating antibodies or a CMI 
response when peripheral blood from vaccinated pigs was assayed. With protection by Argus 
SC/ST being demonstrated for S. Choleraesuis, studies sought to investigate protection 
against S. Typhimurium. Gibson et al.52 showed that pigs vaccinated with Argus SC/ST had 
reduced fecal shedding and fewer positive tissues after being challenged with virulent S. 
Typhimurium DTI04 (106 cfu). Charles et al.21 showed Argus SC/ST vaccinates had reduced 
shedding as well as decreased clinical signs similar to the results by Coe and Wood27 after 
vaccinating pigs with a S. Typhimurium Acya, Acrp mutant. Maes et al.87 further evaluated 
this cross-protection by using Argus SC/ST in a swine herd free of S. Choleraesuis. 
Vaccinated pigs had a higher percentage of seropositivity (26% vs 9%) as well as 
significantly less culture positive lymph nodes (0.6% vs 7.2%) when compared to 
nonvaccinates. This study showed that Argus SC/ST reduced the number of infections in pigs 
from a farm with multiple serovars, specifically Salmonella Newport, S. Typhimurium var 
Copenhagen, S. Mbandaka, and S. Agona. 
Considering the established efficacy and availability of commercial vaccines, it is still 
unknown if they will work in an acute infection model. It is possible that vaccination may 
protect pigs from an increase in Salmonella infection after they leave the farm. If this is true, 
vaccination of pigs could then be looked at not only as a protectant from clinical disease but 
also as a potential food safety measure. 
Other Methods of Prevention and Intervention 
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Up to this point, most intervention strategies have focused on controlling the 
Salmonella load on the farm causing clinical disease. More recent work has started to 
investigate methods to reduce acute infection of swine after leaving the farm. Most 
interventions however have application in both instances. At the foundation of Salmonella 
control is attention to biosecurity. The term biosecurity is an oft used word defined by 
Saunders as "security from transmission of infectious diseases, parasites, and pests."14 More 
important are the numerous steps or points that must be controlled in order to achieve this 
security. Humans and their vehicles, other vertebrate domestic animals, rodents, birds, 
wildlife, and invertebrate species can all be considered possible Salmonella vectors. Other 
factors influencing Salmonella in pigs include feed type and source, type of flooring, pig 
flow, stocking density, and herd health status.47 
Control of other diseases in the herd is critical for two reasons. First, control of other 
diseases may mirror effective overall management of the farm which may directly reduce the 
likelihood of high levels of Salmonella. Second, presence of other diseases may indirectly 
relate to problems with Salmonella due to disease synergism. Such a synergism has been 
demonstrated for porcine reproductive and respiratory syndrome virus (PRRSV) and S. 
Choleraesuis.137 Thus controlling or eliminating PRRSV from a herd would provide fewer 
immunocompromised animals to be infected with Salmonella. 
Feed is important in Salmonella control for two reasons. First, feed and feed 
ingredients have been identified as a possible source of Salmonella on pig farms .34,63 Harris 
et al.63 found 36 of 1264 (2.8%) feed samples from 30 swine farms to be Salmonella culture 
positive although the original source of the Salmonella in the feed was unknown and could 
have been from the farm itself. Obtaining Salmonella-free feed and keeping it from being 
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contaminated on the farm is thus an important part of biosecurity. Second, feed composition 
and ingredients can directly impact Salmonella prevalence in pigs.70'74'138 A recent study by 
Mikkelsen et al.93 studied the physical effects of feed on the gastrointestinal tract. They found 
that coarsely ground feed could alter the stomach and intestine environments such that 
Salmonella survival was decreased. Evidence for the benefit of ground vs pelleted feed has 
also been demonstrated on the farm (I. Harris unpublished data). From one system, 49 herds 
feeding either ground or pelleted feed were compared for seroprevalence. Ground fed farms 
had a significantly lower seroprevalence and the odds ratio (OR) was 14.96 (95%CI, 3.74-
59.7). The results of this work indicate that a change in type of feed alone may be enough to 
reduce Salmonella at the herd level in most systems. 
With the identification of an acute Salmonella infection of swine, interventions to 
reduce its occurrence have recently been investigated. Lee et al.79 determined the ability of a 
bacteriophage treatment to reduce acute infection. The results were inconsistent at best and 
did not demonstrate a significant reduction in acute infection. Loynachan et al.83 tested the 
ability of probiotics to reduce acute infection in both conventional and germ-free pigs. While 
no significant reduction was seen in conventional pigs, partial protection of non-alimentary 
tissues was shown in the germ-free pigs. 
It is possible that the most effective method to reduce acute infection of pigs after 
leaving the farm may solely focus on the abattoir environment and process. Previous studies 
have clearly shown that lairage pens at the abattoir are contaminated with various serovars of 
Salmonella.112,124 However, no work has indicated the concentration (cfu) of Salmonella. 
This information would be useful in that reduction of Salmonella below the acute infection 
MID50 of 103 cfu/g without complete elimination may still have a significant impact. 
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Another option is a logistical slaughter process in which herds are classified based on 
serologic testing and different slaughter processes are used based on this classification. The 
Danish Salmonella control program currently follows such a process and the prevalence of 
Salmonella in pork has decreased since the project began.25 While widespread herd 
classification and logistic slaughter may be effective, the current ability to instate such a 
program in the U.S. is not feasible except possibly for integrated systems. 
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TABLE 1 : Most prevalent serovars of Salmonella isolated in North America from swine and 
humans 
Swine Human 
13 A nlr CDC* NAHMS" Carlson' Letellierd Rajic' CDC1 ivallK (U.S.) (U.S.) (U.S.) (Quebec) (Alberta) (U.S.) 
l Typhimurium Derby Agona Derby Derby Typhimurium 
2 Derby Agona Infantis Typhimurium Typhimurium Enteriditis 
(Copenhagen) 
3 Choleraesuis Typhimurium Newhaw Anatum Infantis Newport 
(Copenhagen) 
4 Heidelberg Brandenburg Typhimurium Ohio California Heidelberg 
5 Anatum Mbandaka Mbandaka Heidelberg Typhimurium Javiana 
6 Muenchen Typhimurium Salmonella Infantis Enteritidis Montevideo 
untypable 
7 Orion Heidelberg Thompson Schwartzengrun 
d 
London Muenchen 
8 Worthington Anatum Heidelberg i:6,7:-:- Agona Oranienburg 
9 Agona Enteritidis Derby i rough 0:i: 1,2 Mbandaka Saintpaul 
10 Senftenberg Worthington Bareilly i:4,5,12:-:-n-m Infantis 
a Most common serovars from non-humans in 2002 (CDC, 2002) 
b National Animal Health Monitoring System, most common swine serovars in 1995 (USDA, 
1995) 
c Most common swine serovars from 25 Minnesota farms (Carlson, 2001) 
d Distribution of Salmonella in swine herds in Quebec (Letellier, 1999) 
e Longitudinal Study of Salmonella Species in 90 Alberta Swine Finishing Farms (Rajic, 
2005) 
f Most common serovars from humans in 2002 (CDC) 
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Abstract 
Salmonella in the pork chain continues to be a food safety concern. Pigs from herds 
with a high Salmonella prevalence may increase the food safety risk as they can contaminate 
trucks, lairage, and ultimately, other pigs. The purpose of this study was to investigate the 
Salmonella occurrence on numerous large commercial swine farms producing finishing pigs 
and to subsequently characterize any isolates. Pooled pen fecal samples were collected from 
37 finishing herds and cultured for Salmonella. Isolates were characterized by serotyping, 
pulsed-field gel electrophoresis, antimicrobial sensitivity testing, and phage typing. Average 
herd culture prevalence ranged from 0.0% to 46.6% showing a wide range of infection 
between farms. Longitudinal samplings on select farms indicated the variance that can occur 
and the need for multiple sample collections to correctly determine Salmonella prevalence. 
Within farms and between farms numerous serovars, subtypes, and antimicrobial resistance 
patterns were observed indicating the diversity of salmonellae on swine farms. 
Keywords {Salmonella, swine, antimicrobial resistance, pulsed-field gel electrophoresis) 
Introduction 
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Foodborne outbreaks of Salmonella in humans have driven producers and regulators 
of numerous commodities to reevaluate current food safety practices. Key intervention points 
are becoming evident and manipulation of biosecurity at these points will ultimately lead to a 
safer product. When viewing the pork industry, broad areas of consideration include pigs 
while on the farm, transport from the farm to abattoir, holding and processing at the abattoir, 
and finally handling by the consumer. While each area is important in and of itself, focus in 
concert on all areas provides the best opportunity for the safest product. 
Preharvest food safety on the farm could be considered one facet in the prevention of 
human foodborne diseases. Reducing the pathogen load entering the abattoir may reduce the 
risk of contamination of the final product thus reducing the risk of human disease. Previous 
work has shown that as seroprevalence on the farm increases so does the odds of culture 
positive cecal-contents, pharynx, and carcass surface at slaughter.20 New studies have also 
shown the importance of rapid Salmonella infection after the pigs leave the farm.7'12'14 While 
this will certainly be a point of emphasis in Salmonella control, the best that can be 
accomplished is the prevention of new infections whilst the original infections remain. For 
this reason Salmonella control at the farm level should not be completely discarded as a 
major point of intervention. As important risk factors for Salmonella are identified on the 
farm and intervention plans are implemented, the need remains for epidemiological studies to 
identify Salmonella populations both before and during intervention. This baseline data 
allows evaluation of current practices as well as providing epidemiological data useful in 
identifying additional risk factors and making inferences about transmission patterns. 
The purpose of this cross-sectional study was to determine the current culture status 
of Salmonella on numerous U.S. commercial swine farms currently using all-in/all-out 
49 
management and multi-site production. The study also served to characterize populations of 
Salmonella on various farms as a prelude to studies in this laboratory tracking Salmonella 
from the farm to abattoir7, decreasing Salmonella during depopulation-repopulation8, and 
investigating the horizontal spread of antimicrobial resistance genes on swine farms. 
Salmonella isolates were characterized by serotyping, antimicrobial resistance profiling, and 
genetic subtyping via pulsed-field gel electrophoresis (PFGE). 
Materials and Methods 
Farm selection 
Farms for this study were chosen in a non-random fashion from a pool of farms 
which were submitting sera to our laboratory to be checked for Salmonella antibodies via the 
Danish mix-ELISA.18 Sera were collected from cohort pigs both prior and during fecal 
collections and individual samples with an optical density percentage (%) of 30 or more were 
considered positive. Average seroprevalence was calculated as the total number of positive 
samples divided by total number of samples collected. Serologic history served as an 
indicator of Salmonella exposure on these farms and helped to target a wide range of systems 
based on the number of seropositive animals. An additional 4 farms with unknown serologic 
status were also investigated. Other criteria used to choose farms to culture included use of 
all-in/all-out management, an isolated finisher site, and willingness to participate in at least 
one sample collection. A total of 37 U.S. finisher farms were cultured originating from 13 
different states. States and number of farms sampled include; Colorado (1), Illinois (1), 
Indiana (1), Iowa (2), Kansas (3), Kentucky (6), Minnesota (1), Missouri (1), Nebraska (8), 
Oklahoma (4), Pennsylvania (1), South Dakota (3), and Wisconsin (5). The number of times 
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samples were collected per farm ranged from 1 to 8 and when there was more than one 
collection per farm they were at least one month apart. 
Sample collection and processing 
Pooled pen fecal (PPF) samples were collected from finishing pigs no more than two 
weeks prior to slaughter. The range of PPF samples per collection was 5 to 24. Each PPF 
sample represented one pen of a finisher building which on average contained 25 pigs. The 
PPF samples totaled 25 g each and were comprised of 5 g of feces collected from 5 different 
spots within the same pen. The samples were collected with a sterile spatula and whirl-pak 
for each pen and all samples were shipped overnight on ice packs to our laboratory. Any 
samples that were delayed in shipping or that were not sent on ice were not processed. 
Upon arrival, samples were weighed, diluted 1:9 (sample:buffered peptone water 
(BPW, Difco, Sparks, MD)), homogenized via a stomacher, and incubated at 37 C for 24 
hours. One hundred microliters of the suspension was then transferred to 9.9 ml of Rappaport 
Vassiliadis (RV, Difco) broth and incubated at 42 C for 24 hours. Then 10 p.1 of the 
suspension was plated on a xylose-lysine-deoxycholate (XLD, Difco) plate and incubated at 
37 C for 24 hours. Up to 5 suspect colonies per plate were inoculated into tubed media 
including Kligler's, sulfide indole motility, lysine iron, and phenylalanine for biochemical 
confirmation. Presumptive Salmonella isolates were tested for agglutination with Salmonella 
O-antisera (Difco) and if positive were sent to the National Veterinary Services Laboratory, 
Ames, IA for serotyping and select isolates for phage typing. 
Antimicrobial sensitivity testing 
The most prevalent Salmonella isolates were checked via the Kirby-Baur disc 
diffusion method for resistance to the following antimicrobials (with the disc antimicrobial 
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content (p,g) and zone diameter (mm) used for determining resistance in parenthesis): 
amoxicillin-clavulanic acid (20/10, < 13), ampicillin (10, < 13), aztreonam (30, < 15), 
cefepime (30, < 14), cefotaxime (30, < 14), cefoxitin (30, < 14), ceftazidime (30, < 14), 
ceftiofur (30, < 17), ceftriaxone (30, < 13), cephalothin (30, < 14), chloramphenicol (30, < 
12), ciprofloxacin (5, < 15), colostin (10, < 8), enrofloxacin (5, < 16), furazolidone (100, < 
13), gentamicin (10, < 12), kanamycin (30, < 13), nalidixic acid (30, < 13), neomycin (30, < 
12), piperacillin (100, < 17), piperacillin-tazobactam (100/10, < 17), spectinomycin (100, < 
14), streptomycin (10, < 11), sulfamethoxazole (250, < 12), tetracycline (30, < 13), 
ticarcillin-clavulanic acid (75/10, < 14), trimethoprim (5, < 10), and trimethoprim-
sulfamethoxazole (1.25/23.75, < 10).17 Colonies were picked from a pure, overnight culture 
and emulsified in Mueller-Hinton broth (MH, Difco). The turbidity was adjusted to 0.5 
MacFarland Standard before coating the surface of multiple MH plates with a sterile swab. 
Antimicrobial discs were applied and plates were incubated at 35 C for 18 hours before 
measuring zones of inhibition. Escherichia coli ATCC 25922 and Staphylococcus aureus 
ATCC 25923 were tested as quality control strains. 
Pulsed-field gel electrophoresis 
The most common serovars isolated in this study were further analyzed by PFGE as 
previously described.2 Genomic DNA was digested using the restriction enzyme Xbal 
followed by analysis with Bionumerics software (Applied Maths, Kortrijk, Belgium). 
Comparison utilized the Dice coefficient, unweighted pair group method using arithmetic 
averages, and 1% tolerance in band position differences settings. 
Results 
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Serologic testing indicated a wide range of Salmonella exposure between the herds 
tested (FIGURE 1). Of the 33 farms tested serologically, 29 (87.8%) had at least one 
positive sample. Average seroprevalence between herds ranged from 0.0 to 49.1% with a 
mean of 12.6%. Fecal prevalence is also shown in FIGURE 1 and ranged from 0.0 to 46.6% 
with a mean of 7.5%. Of the 33 herds checked by both methods, 11 were positive only by 
serology and 1 was positive only by culture. 
Salmonella was isolated from 23 of the 37 farms tested resulting in a herd prevalence 
of 62.2% (TABLE 1). Regarding positive farms, 12 (52.2%) had only one serovar, 7 (30.4%) 
had two serovars, and 4 (17.4%) had three or more serovars isolated from PPF samples. 
Salmonella was isolated from 122 of the total 1366 PPF samples submitted resulting in a 
total sample prevalence of 8.9% (TABLE 1). There were a total of 17 different Salmonella 
serovars isolated from the PPF samples. Salmonella Heidelberg was the most commonly 
isolated serovar on a per sample basis while Salmonella Derby was isolated from the highest 
percentage of positive farms (TABLE 2). Only 2 of the 122 positive samples yielded more 
than one serovar. 
There were 7 herds that were sampled at least 4 consecutive times for longitudinal 
analysis (FIGURE 2). All 7 of these herds were culture positive on at least one sampling and 
all except Farm 19 also had at least one culture negative sampling. The greatest variance was 
noted in Farm 35 which ranged from 0-40% fecal prevalence indicating the extreme variation 
and inability to determine prevalence via single sample collections. 
Salmonella Heidelberg, Salmonella Typhimurium, Salmonella Derby, and Salmonella 
Typhimurium variant (var) Copenhagen were isolated most often in this study and were thus 
chosen for further analysis via antimicrobial sensitivity testing (TABLE 3). The 
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antimicrobials to which isolates were most often resistant to were streptomycin (92.8%), 
tetracycline (80.0%), and kanamycin (66.2%). Considering all isolates and antimicrobials 
tested, 22 isolates were resistant to 0-2 antimicrobials, 95 were resistant to 3-5, and 78 were 
resistant to greater than 5. Ninety five percent of those resistant to greater than 5 
antimicrobials were either serovar Typhimurium or Typhimurium var. Copenhagen. Phage-
typing results indicated the presence of serovar Typhimurium var. Copenhagen definitive 
type (DT) 104 on 2 (5%) of the farms tested. Of the 23 DTI 04 isolates, 17 exhibited the 
classic penta-resistance pattern of ampicillin, chloramphenicol, streptomycin, 
sulfamethoxazole, and tetracycline (ACSSuT) but 6 were only S Su resistant. 
Considering all serovars, molecular subtyping via PFGE revealed 68 different 
subtypes. Eight of the 17 Salmonella serovars isolated in this study had more than one 
subtype (TABLE 2). Seven serovars (4,5,12:i-monophasic, Bredeney, Derby, Heidelberg, 
Muenchen, Typhimurium, and Worthington) had different subtypes originating from the 
same farm while serovars (Agona, Brandenberg, Bredeney, Derby, Heidelberg, 
Typhimurium, and Worthington) had different subtypes originating from different farms. 
Each of serovars Brandenburg, Derby, Heidelberg, Typhimurium, Typhimurium var. 
Copenhagen, and Worthington had subtypes that were found on more than one farm. 
Molecular fingerprints and dendrograms illustrating the diversity of subtypes within 
Salmonella serovars Derby, Heidelberg, and Typhimurium (including var. Copenhagen) are 
shown in FIGURE 3. 
Discussion 
The purpose of this study was to determine the Salmonella status of all-in/all-out 
finishing units and to investigate the diversity of isolates both within and between swine 
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farms. This information will in turn be used in future projects comparing Salmonella isolates 
from farm and abattoir as well as studies on antimicrobial resistance. Farm and individual 
sample prevalence were similar to other studies investigating Salmonella in swine 
herds1'3'4,6,13,16,23, although differences in testing methods make precise comparisons difficult. 
The herds in this study also may not represent all U.S. commercial swine farms due to the 
limited number of farms investigated and use of nonrandom selection. 
The overall herd prevalence of 62% indicated that the majority of the farms tested 
were harboring Salmonella although only 1 of the herds tested suffered from clinical 
salmonellosis. It is possible that due to limited sensitivity of culture methods, the herd 
prevalence may be higher had more samples been collected from those herds that tested 
negative. The wide range of individual sample prevalence between farms suggests that even 
within positive farms there exist farms with considerably more Salmonella than others. In 
this study there were 11 farms that were positive by serology but culture negative. This is 
likely due to the limited number of fecal samples collected on some farms as evidenced by 
the variation seen in the 7 herds sampled longitudinally. This supports previous work 
indicating that multiple samplings are needed to correctly assess a herds Salmonella 
status.4'9'19 
The most common serovars isolated in this study were similar to those from other 
studies.5'13,16 Some serovars were also amongst those serovars most commonly isolated from 
humans.5 While the same serovars can be isolated from pigs and humans, and pork products 
can certainly be a source of human Salmonella infection, evidence of a firm relationship 
between serovars present on the farm leading to human infection post-slaughter has not been 
firmly established. The Danes have shown a correlation between levels of Salmonella on the 
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farm and positive carcass swab culture post-slaughter.20 As part of the Danish program to 
reduce Salmonella in pork, pigs from farms considered to have high levels of Salmonella on 
the farm as determined by either culture or serology are slaughtered separately from pigs 
from other herds and under increased hygienic conditions.15 This may reduce cross-
contamination of pigs from other sources which have little to no Salmonella.21 Previous 
studies have shown that pigs can become acutely infected with Salmonella during transport 
or lairage as evidenced by isolation of different serovars or subtypes of serovars at the 
abattoir as compared to on the farm.7,12 Identification and classification of herds can thus be 
considered another step toward a safer pork product. 
Antimicrobial sensitivity testing revealed a wide range of resistance patterns within 
and between serovars similar to that seen in other studies.10,11 Many isolates in this study 
were considered multidrug resistant including those of DTI 04 phage type. The DTI 04 
isolates were all from 2 of the 37 farms tested, a prevalence of 5%. The presence of 
multidrug resistant Salmonella spp. on the farm leads to obvious concerns regarding 
therapeutic treatment of human food borne salmonellosis. While the initial emergence of 
antimicrobial resistant organisms has been linked to the use of prophylactic antimicrobials22, 
future work in this lab will seek to further investigate horizontal transfer of antimicrobial 
resistance between Salmonella isolates on the farm. 
PFGE is an extremely useful tool for epidemiological studies concerning Salmonella. 
The use of a restriction enzyme on chromosomal DNA allows for further classification of 
subtypes within a serovar. Genetic relatedness between isolates from the same source and 
from different sources can in turn lead to inferences about the transmission of Salmonella. In 
this study we were able to show that there were numerous subtypes within serovars both 
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within the same farm and between different farms. These results indicate the broad diversity 
of swine Salmonella isolates in finishing swine herds. 
The results from this study indicate a widespread distribution and diversity of 
Salmonella on commercial swine farms. A majority (62.2%) of farms tested were Salmonella 
culture positive although only 1 of these farms had clinical salmonellosis, indicating the 
extent of subclinical infection in swine. The use of culture can determine the Salmonella 
status of finishing herds although multiple samplings are needed due to longitudinal 
variation. When Salmonella is isolated classification via serotyping, phage-typing, 
antimicrobial resistance profiling, and PFGE provide valuable information for future 
epidemiologic or intervention studies on swine farms. 
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TABLE 1 : Summary of Salmonella enterica isolated from pooled pen fecal (PPF) samples 
originating from 37 U.S. swine finishing herds 
Farm 
ID 
No. PPF 
samples 
submitted 
No. PPF 
samples 
positive 
(%) 
No. 
Salmonella 
isolates3 
No. 
Salmonella 
serovars 
Salmonella serovars isolated (No.) 
1 56 18 (32.1) 58 5 Bredeney (17), Heidelberg (3), Muenchen 
(10), Typhimurium (26), Worthington (2) 
2 40 1 (2.5) 5 1 Agona (5) 
3 20 0 (0.0) 0 0 NA 
4 40 0 (0.0) 0 0 NA 
5 22 3 (13.6) 5 1 Copenhagen13 (5) 
6 15 1 (6.7) 2 1 Derby (2) 
7 20 3 (15.0) 8 2 Derby (6), Typhimurium (2) 
8 16 0 (0.0) 0 0 NA 
9 25 1 (4.0) 2 1 Derby (2) 
10 20 3 (15.0) 8 2 Bredeney (6), Typhimurium (2) 
11 115 4 (3.5) 18 1 Heidelberg (18) 
12 20 0 (0.0) 0 0 NA 
13 20 0 (0.0) 0 0 NA 
14 20 1 (5.0) 1 1 Portsmouth (1) 
15 20 0 (0.0) 0 0 NA 
16 120 2(1.7) 5 1 Bredeney (5) 
17 20 0 (0.0) 0 0 NA 
18 20 0 (0.0) 0 0 NA 
19 58 27 (46.6) 75 3 Heidelberg (22), Typhimurium (34), 
Worthington (19) 
20 20 0 (0.0) 0 0 NA 
21 20 0 (0.0) 0 0 NA 
22 121 11(9.1) 21 2 Copenhagen (18), 6,7:nonmotile (3) 
23 20 3 (15.0) 4 2 Derby (3), Infantis (1) 
24 20 0 (0.0) 0 0 NA 
25 14 3 (21.4) 6 2 Agona (5), Salmonella untypable (1) 
26 20 1 (5.0) 4 1 Heidelberg (4) 
27 20 4 (20.0) 5 1 Brandenburg (5) 
28 20 3 (15.0) 3 1 Brandenburg (3) 
29 24 0 (0.0) 0 0 NA 
30 80 4 (5.0) 8 2 Derby (6), 4,5,12:i-monophasic (2) 
31 20 0 (0.0) 0 0 NA 
32 80 6 (7.5) 6 3 Derby (3), Thompson (1), Typhimurium 
(2) 
33 40 1 (2.5) 1 1 Agona (1) 
34 20 1 (5.0) 2 1 Derby (2) 
35 100 20 (20.0) 38 5 Agona (4), Derby (2), Heidelberg (30), 
Copenhagen (1), 4,5,12:1,2-monophasic 
(1) 
36 20 0 (0.0) 0 0 NA 
37 20 1 (5.0) 3 2 Heidelberg (2), 13,23 :z-monophasic (1) 
Totals 1366 122 (8.9) 288 17° 
a Multiple colonies were selected per positive sample 
b Typhimurium variant Copenhagen 
c Number of different serovars considering all herds sampled 
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TABLE 2: The most common Salmonella enterica serovars cultured from 37 U.S. swine 
finishing herds 
Salmonella serovar No. samples8 No. herds (n=37) No. isolates (%) No. different 
isolated from (%) isolated from (%) PFGEb genetic 
subtypes 
Heidelberg 29(2.12) 6 (16.2) 79 (27.4) 10 
Typhimurium 23 (1.68) 5 (13.5) 66 (22.9) 13 
Derby 15(1.09) 8 (21.6) 26 (9.0) 7 
Copenhagen0 14(1.02) 3 (8.1) 24 (8.3) 1 
Bredeney 10 (0.73) 3 (8.1) 28 (9.7) 5 
Worthington 9 (0.66) 2(5.4) 21 (7.3) 3 
Brandenburg 7(0.51) 2(5.4) 8 (2.8) 2 
Agona 6 (0.44) 4(10.8) 15 (5.2) 4 
Muenchen 3 (0.22) 1 (2.7) 10 (3.5) 3 
6:7:nonmotile 1 (0.07) 1(2.7) 3 (1.0) 1 
4,5,12:i-monophasic 1 (0.07) 1(2.7) 2 (0.7) 2 
Infantis 1 (0.07) 1(2.7) 1 (0.4) 1 
Portsmouth 1 (0.07) 1 (2.7) 1 (0.4) 1 
4,5,12:1-2- 1 (0.07) 1 (2.7) 1 (0.4) 1 
monophasic 
Thompson 1 (0.07) 1 (2.7) 1 (0.4) 1 
13,23 :z-monophasic 1 (0.07) 1 (2.7) 1 (0.4) 1 
Salmonella untypable 1 (0.07) 1(2.7) 1 (0.4) 1 
Totals 122" (8.93) 288 56 
a Pooled pen fecal samples (n=1366) 
b Pusled-fleld gel electrophoresis, digested with Xbal 
0 Typhimurium variant Copenhagen 
d Two samples yielded more than one serovar 
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TABLE 3: Antimicrobial resistance of select Salmonella enterica serovars isolated from U.S. 
finishing swine 
Antimicrobial (disc No. (%) of isolates resistant" 
content in (ig) Typhimurium Copenhagen" Heidelberg Derby Total 
(n=66) (n=24) (n=79) (n=26) (n=195)° 
(%) 
Amoxicillin- 26 14 0 0 40 (20.5) 
clavulanic acid (20/10) 
Ampicillin (10) 56 17 0 5 78 (40.0) 
Cefepime (30) 2 0 0 NDd 2(1.2) 
Ceftazidime (30) 1 0 0 ND 1 (0.6) 
Cephalothin (30) 18 0 0 4 22(11.3) 
Chloramphenicol (30) 3 17 3 3 26(13.3) 
Furazolidone (100) 2 18 0 ND 20(11.8) 
Gentamicin (10) 0 0 0 2 2(1.0) 
Kanamycin (30) 52 0 75 2 129 (66.2) 
Naladixic acid (30) 2 0 0 0 2(1.0) 
Neomycin (30) 51 0 58 ND 109 (64.5) 
Piperacillin (100) 55 15 0 ND 70(41.4) 
Spectinomycin (100) 56 22 4 ND 82 (48.5) 
Streptomycin (10) 63 22 77 19 181 (92.8) 
Sulfamethoxazole 55 22 4 19 100 (51.3) 
(250) 
Tetracycline (30) 44 17 76 19 156 (80.0) 
T icarcillin-clavulanic 13 15 0 ND 28 (16.6) 
acid (75/10) 
Trimethoprim- 0 1 0 0 1 (0.5) 
sulfamethoxazole 
(1.25/23.75) 
All others6 0 0 0 0 0 (0.0) 
a Includes isolates classified as intermediate resistance 
b Typhimurium variant Copenhagen 
c n=169 when Derby not determined 
d Not determined 
e Includes antimicrobials (|a.g): aztreonam (30), cefotaxime (30), cefoxitin (30), ceftiofur (30), ceftriaxone 
(30), ciprofloxacin (5), colistin (10), enrofloxacin (5), piperacillin-tazobactam (100/10), trimethoprim (5) 
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FIGURE 1: Salmonella prevalence on 37 swine finishing farms based on serology and culture. 
Average prevalence was determined as total number positive divided by total number submitted. 
There was no serology data for herds 5, 9, 34, and 37. 
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FIGURE 2: Longitudinal fecal prevalence in 7 different finishing swine herds. Pooled pen fecal 
samples (n=20) were collected monthly. Prevalence was determined as the number of positive 
divided by the number collected. This data indicates the fluctuation of point prevalence 
estimation within swine herds. 
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Strain ID# Subtype Farm ID 
HL10121 5002 7 
HL10166 SD07 23 
HL10204 5004 35 
HL10117 SD06 6 
HL10153 SD05 9 
HL10187 SD01 30 
HL10188 SD01 32 
HL10168 5003 23 
HL10198 5003 34 
Strain ID# Subtype Farm ID 
HL10795 SH01 19 
HL10090 SH01 11 
HL10073 SH05 19 
HL10105 SH07 11 
HL10247 SH10 35 
HL10196 SH03 35 
HL10386 SH02 19 
HL10244 SH02 35 
HL10272 SH02 26 
HL10843 SH02 37 
HL10205 SH08 35 
HL10139 SH04 1 
HL10215 SH09 35 
Strain ID# Subtype Farm ID 
HL10148 ST09 10 
HL10120 ST09 7 
HL10470 ST01 19 
HL10119 ST01 7 
HL10002 ST01 1 
HL10147 ST01 10 
HL10044 ST04 1 
HL10426 ST 12 19 
HL10036 ST03 1 
HL10144 ST 10 1 
HL10142 ST 16 1 
HL10777 ST 16 19 
HL10359 ST02 19 
HL10276 ST11 19 
HL10018 ST07 1 
HL10873 ST 18 22 
HL10194 ST 18 35 
HL10112 ST 18 5 
HL10190 ST08 32 
HL10835 ST06 22 
HL10828 ST05 9 
FIGURE 3 : Molecular fingerprints and dendrograms (with percent relatedness) of Salmonella 
Derby (A), Heidelberg (B), and Typhimurium (C) subtypes determined by pulsed-field gel 
electrophoresis using Xbal. All Salmonella isolates were obtained from finishing swine 
herds. 
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Abstract 
A farm in the Midwest US was undergoing a depopulation-repopulation project for 
the eradication of porcine reproductive and respiratory syndrome virus (PRRSV) and 
Mycoplasma hyopneumoniae and an effort was made to simultaneously eliminate Salmonella 
enterica subsp. enterica serovar Typhimurium DTI 04. Pig samples including both sera and 
pen feces were collected before and after depopulation-repopulation. During the time the 
farm was empty environmental samples were also collected. Salmonella isolates from 
different phases of the study were compared using serotyping, phage typing, antimicrobial 
susceptibility profiling, and pulsed-field gel electrophoresis (PFGE). A total of 167 isolates 
of Salmonella were cultured from the farm representing 9 different serovars. The same strain 
of S. Typhimurium DTI 04 was isolated before, during, and after depopulation-repopulation 
based on PFGE and antimicrobial susceptibility profiling. Although Salmonella was not 
eliminated from the farm, a significant decrease in fecal and seroprevalence did occur. 
Complete elimination of Salmonella from swine farms may be unachievable however it is 
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possible to significantly decrease its prevalence. Decreased Salmonella on the farm can in 
turn have both production benefits and decrease the amount of Salmonella being sent to the 
abattoirs. 
Keywords 
Salmonella, food safety, food animal production, antimicrobial resistance 
Introduction 
In food animals such as pigs there are two major concerns associated with 
Salmonella-, clinical disease with associated morbidity and mortality, and subclinical 
infection that may or may not lead to economic losses but poses a serious threat to food 
safety.17 Salmonella has been estimated to cost pork producers $100 million US annually18 
and an economic benefit of decreasing the Salmonella prevalence on the farm has been 
previously shown.6 Subclinical carriers shed Salmonella in feces causing both infections of 
other pigs and a source of infection for pork products.17 Studies have identified lairage at the 
abattoir as an important point of Salmonella intervention,4,7,8 thus decreasing the number of 
Salmonella carriers entering the abattoir may also contribute to safer pork. However even 
with ideal lairage where no increase in Salmonella infections occurs, a high number of 
Salmonella positive pigs leaving the farm may still pose a food safety risk.3 
Salmonella enterica serovar Typhimurium definitive type DTI04 (referred to from 
here on as DTI04) has drawn much attention due to its multiple drug resistance (MDR), 
widespread geographic distribution, and isolation from humans as well as food producing 
animals. DTI04 isolates carry their resistance genes on both plasmids and the chromosome 
and are classically pentaresistant to ampicillin, chloramphenicol, streptomycin, sulfonamides, 
and tetracylines (resistance type ACSSuT) although resistance to other antimicrobials may 
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also be present.5 Studies suggesting human acquisition of DTI 04 from food animals have 
fueled efforts to control DTI 04 at the preharvest level.15,16 In addition to food safety 
concerns, DTI04 has been associated with diarrhea, septicemia, and meningitis in pigs 
making it economically important from a production standpoint as well.19 
A swine farm located in the Midwest United States was trying to improve herd health 
status by attempting to eliminate porcine reproductive and respiratory syndrome virus 
(PRRS V) and Mycoplasma hyopneumoniae via depopulation and repopulation. This provided 
an opportunity to also pursue eradication of DTI 04 from the herd. This manuscript focuses 
on the occurrence of Salmonella DTI 04 before, during, and after the ongoing depopulation-
repopulation project was completed. 
Materials and Methods 
Herd History 
The farm studied was a farrow to finish, single site, all-in all-out by room (nursery 
and finisher), with 1300 sows. The farm was being depopulated due to the adverse pressures 
PRRSV and M. hyopneumoniae were having on herd health as evidenced by clinical disease 
and positive laboratory diagnostics including ELISA for Mycoplasma and ELIS A, 
polymerase chain reaction (PGR), indirect fluorescent antibody (IFA) test, and virus isolation 
(VI) for PRRSV. The herd was also experiencing clinical cases of salmonellosis with 
finishing pigs (3-6 months of age) showing acute death, scours, and colonic ulcers at 
necropsy all attributed to S. Typhimurium. During the 12 months prior to the depopulation, 
finisher mortality ranged from 6 to 8% with more than half of this mortality directly 
attributed to clinical salmonellosis. Treatment generally consisted of neomycin given via the 
water. Because the producer was planning a total depopulation of the herd in order to 
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improve the Mycoplasma and PRRSV status, an attempt was also made to eliminate or 
reduce the losses associated with Salmonella. 
As part of the depopulation protocol, the last mating of sows on the farm took place 
mid-October 2001 with the farm being completely depopulated by mid-February 2002. An 
off-site location approximately 125 miles away was chosen to begin breeding replacement 
stock. This location had been thoroughly cleaned and disinfected prior to receiving 
replacement animals and also had no history of clinical Salmonella infection. The breeding 
stock was acquired from a source known to be negative for PRRSV and M. hyopneumoniae 
based on diagnostic testing, and also had no detectable levels of Salmonella based on culture 
and serology. Breeding of these gilts began in December 2001 and gilts were not transported 
to the depopulated farm until at least 40 days post-breeding. Incoming gilts were given 
tylosin via the feed at 40 g/ton for their first 2 weeks on the farm. 
Before receiving the bred gilts, the farm studied was completely depopulated with the 
subsequent implementation of stringent cleaning and disinfection protocols. The entire farm 
was empty for at least 30 days after the cleaning and disinfection phase had been completed. 
Some stages of the farm were empty for more than 30 days. Bred gilts began arriving on the 
farm in mid-March 2002 and the entire farm was repopulated by August 2002. 
Cleaning, disinfection, and biosecurity 
Following depopulation, all buildings were extensively cleaned and disinfected. The 
cleaning protocol consisted of the removal of all visible organic material followed by use of a 
disinfectant^ Emphasis was placed in cleaning feed lines, feeders, ventilation system, water 
lines, ceilings, walls, and floors. The slats were not removed but were repeatedly chlorinated. 
The lagoon was pumped down as low as possible and the pits were completely drained. The 
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pits were cleaned thoroughly before chlorination up to the bottom of the slats (0.45 kg 
chlorine/ 7570 1 water). Disposable materials such as syringes, gloves, pharmaceuticals, 
vaccines, and consumables in general present on the farm prior to depopulation were 
discarded. 
Various biosecurity issues were addressed before the farm was completely 
depopulated. Offices, shower area, and storage spaces were completely cleaned and 
remodeled as needed. Doors and windows were adjusted to assure that they sealed tightly and 
all holes around pipes, augers, and at the end of unprotected ends of ribbed metal siding were 
sealed with mortar or metal. Rodent control was addressed first with sweeping and scraping 
of all aisles and corners beginning daily in order to maintain them free of food stuffs, feces, 
and other debris. Rodent bait was placed inside cut poly vinyl chloride pipes approximately 
every 3.3 m for mice and every 12 m for rats both inside and outside the buildings. A 15 cm 
deep by 1 m wide perimeter of 2.5 cm diameter gravel was also added to the outside of all 
buildings. 
Additional changes to farm management were also implemented. Composting of 
waste material was discontinued in favor of burial. Incoming supplies were fogged with 
chlorine dioxide and held in isolation for at least 3 days. Changes in transport protocols were 
also made with cull animals transported to a remote location and off-loaded to a vehicle 
going to slaughter. Finally a new feed mill was chosen and the ration changed from pellet to 
meal. 
Sample collection and processing 
Three different types of samples were collected throughout the study; blood, pen 
fecals, and environmental swabs. Blood was collected monthly beginning in June, 1998. Pigs 
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were restrained while standing via a hog snare and 10 ml of blood collected from the jugular 
vein using a vacutainer. Monthly sample size varied from 10 to 40 sera samples with all 
being shipped overnight on ice to Iowa State University, Ames, IA. Upon arrival the sera was 
harvested via centrifugation and analyzed using the Danish mix-ELISA.14 Briefly, a 
lipopolysaccharide (LPS) antigen in a 0.1 M sodium carbonate buffer (pH 9.6) was used to 
coat 96 well flat bottom polysorb plates which were then incubated overnight at 4°C. Plates 
were emptied, blocked for 15 minutes with a phosphate buffered saline (PBS) Tween 20 
buffer to which 1% bovine serum albumin (BSA) had been added, and washed once with 
PBS-Tween 20 buffer. Controls, consisting of a blank, and one negative, 4 S. Typhimurium 
positive sera and 2 S. Choleraesuis positive sera, and the test sera were diluted 1:400 in the 
PBS-Tween 20 BSA buffer and dispensed in duplicate on each plate. Plates were incubated 
for 1 hour at room temperature, then washed three times. Rabbit anti-swine IgG serum 
conjugated with horseradish peroxidase was diluted and added to each well, and incubated 
for 1 hour at room temperature. Wells were washed and 100 ul enzyme substrate, O-
phenylenediamine dihydrochloride (OPD), were added to each. Plates were then incubated 
for ten minutes. Color development was stopped with 0.5 M sulfuric acid and optical density 
of each well was read at 490 nm with an ELIS A plate reader.b Using the OD readings of the 
one negative and four S. Typhimurium control sera, a regression line was created and used to 
calibrate test sera OD values to OD %. Those samples with an optical density (OD) percent 
>30 were considered positive for exposure to Salmonella antigen. Seroprevalence was 
subsequently determined as number positive divided by total number tested. 
Pooled pen fecal samples were collected at various time points starting in August, 
1999 up to April, 2003. All pen fecals were collected from finisher buildings except for one 
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sampling of the nursery prior to repopulation of the finisher. These samples were collected 
and processed as previously described.4 Briefly, 25 grams of feces were collected into a 
sterile bag and sent overnight to the laboratory on ice packs. The feces were processed 
immediately upon arrival such that 24 hours or less had elapsed since collection. Fecal 
samples that arrived after 24 hours or were shipped without ice packs were discarded and 
new samples requested. The samples were pre-enriched in buffered peptone water (BPW)C, 
selectively enriched in Rappaport-Vassiladis0 broth, and selectively plated on xylose lysine 
deoxycholate agar.0 Up to 5 suspect colonies per plate were selected and confirmed by 
inoculating various biochemical tests (kliglers agar, phenylalanine agar, lysine iron agar 
sulfide indole motility agar), serogrouped with Salmonella O antiserum0, and submitted to 
the National Veterinary Services Laboratory, Ames, IA, USA for serotyping and phage 
typing. 
Starting in the winter of 2001 and continuing into the summer of 2002 
environmental samples were taken in order to assess efficacy of the cleaning and disinfection 
procedures. Areas sampled included feed, feeders, feed lines, nipple waterers, mist lines, 
floor drains, pits, pit plugs, and slats. Drag swabs were used by dipping a sterile 4 in x 4 in 
gauze pad into a 50 ml vial containing 40 ml of BPW and then swabbing the area of interest. 
If the area was flat, a 10 in x 10 in area was swabbed with the moist gauze. Otherwise the 
entire area was swabbed such was the case with waterers, feeders, and drains. The gauze was 
then submerged in the vial containing BPW, transported to the laboratory, and cultured as 
described above. If samples were Salmonella culture positive, the areas were cleaned, 
disinfected, and resampled within 1-2 days. 
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At various times during the study, tissue samples from clinically affected pigs 
were submitted to diagnostic labs (University of Minnesota, St. Paul, MN or University of 
Missouri, Columbia, MO) for testing. These tissue samples were typically portions of lung, 
intestine, lymph node, and blood from necropsy of ill pigs that had died or that were 
euthanized via captive bolt gun followed by exsanguination. Tissues were submitted for 
diagnosis of various diseases including, but not limited to, salmonellosis. Whenever 
Salmonella was cultured the isolates were forwarded to our laboratory for further analysis. 
Antimicrobial susceptibility testing 
Antimicrobial susceptibility was determined using microdilution broth testing plates'1 
designed for the National Antimicrobial Resistance Monitoring System (NARMS)1 and the 
methods described by the National Committee for Clinical Laboratory Standards (NCCLS) 
for gram negative organisms.13 Susceptibility was tested for the following antimicrobials 
(with resistance breakpoints in parentheses (gg/ml)); amikacin (>64), amoxicillin-clavulanic 
acid (>32), ampicillin (>32), ceftiofur (>8), cefoxitin (>32), ceftriaxone (>64), cephalothin 
(>32), chloramphenicol (>32), ciprofloxacin (>4), gentamicin (>16), kanamycin (>64), 
nalidixic acid (>32), streptomycin (>64), sulfamethoxazole (>512), tetracycline (>16), and 
trimethoprim-sulfamethoxazole (>4/76). Escherichia coli ATCC 25922 was included in all 
runs as a quality control standard. 
Genomic analysis 
Pulsed-field gel electrophoresis (PFGE) was conducted in order to further compare 
isolates based on Xbal digestion of genomic DNA as previously described.2 The images 
were analyzed with BioNumerics software.6 Cluster analysis and dendograms were 
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completed by utilizing the unweighted pair group method using arithmetic averages, Dice 
coefficient, and 0.8% optimization with 1.0% band position tolerances. 
Statistics 
The two-way contingency table and Chi-squared test were used to determine 
significant differences in proportions of positive results before and after depopulation-
repopulation for both sera and pen fecal samples. Differences were considered significant at 
p value < 0.05. 
Results 
The total depopulation program reported in this study resulted in the successful 
stocking of a PRRSV and Mycoplasma negative herd. The farm has been monitored monthly 
for these two diseases by veterinary inspection and sample submissions to a diagnostic 
laboratory. At the time of submission of this manuscript, the herd remains negative for the 
aforementioned pathogens as evidenced by lack of clinical disease and negative results for 
Mycoplasma ELISA and PRRSV ELIS A, PGR, IF A, and VI (data not shown). Clinical 
salmonellosis has not been observed during the finisher period since repopulation as 
evidenced by the lack of typical scours and post-mortem findings. Performance during this 
period has improved with grower-finisher mortality decreasing 40%. 
A total of 167 isolates of Salmonella were cultured from the farm representing 9 
different serovars (TABLE 1). Of these isolates, 115 were from pen fecal samples, 44 were 
from environmental swabs, and 8 were from diagnostic sample submissions. Prior to 
depopulation, there were 121 Salmonella isolates including serovars Typhimurium (1), 
Typhimurium var. Copenhagen (88), Infantis (1), Putten (3), 6,7:nonmotile (3), and 
Salmonella untypable (1). Six of these isolates were recovered from pigs with clinical 
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salmonellosis which were submitted to a diagnostic lab and the remaining 115 were from pen 
fecals. 
Environmental testing during depopulation indicated the persistence of Salmonella on 
the farm. There were 44 Salmonella isolates during this period including serovars 
Worthington (13), Typhimurium var. Copenhagen (2), Brandenburg (24), and Heidelberg (5). 
These isolates originated from both nursery pig pen fecals prior to movement into the finisher 
as well as environmental samples including slats, pit plugs, floor drains, nipple waterers, and 
feeders. Based on these results the cleaning and disinfection protocol was repeated in the 
finisher buildings with special attention given to those areas that were culture positive. Pigs 
were not allowed to enter grow-finish buildings until the environmental samples were culture 
negative. 
During the 2 year time period following complete repopulation of the farm, 23 tissue 
samples from clinically ill pigs were submitted for Salmonella testing. Salmonella was 
isolated from 2 (9%) of the cases. Both isolates were serovar Typhimurium var. Copenhagen 
and represented the only recovered Salmonella since completion of repopulation as all pen 
fecal samples were negative during this period. The percentage of Salmonella positive pen 
fecal samples significantly decreased from 15.5% prior to depopulation to 0.0% following 
repopulation. 
Results of PFGE and antimicrobial susceptibility testing are shown in TABLE 2. 
There were a total of 10 different PFGE band patterns representing the 8 different Salmonella 
serovars. Considering all of the isolates, resistance to tetracycline and streptomycin was most 
common while all isolates tested were susceptible to amikacin, ceftiofur, ciprofloxacin, 
amoxicillin-clavulanic acid, ceftriaxone, cefoxitin, gentamicin, kanamycin, and 
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trimethoprim-sulfamethoxazole. Only one serovar, Typhimurium var. Copenhagen, was 
isolated during all three stages of the study. PFGE revealed that all isolates of this serovar 
were of subtype ST 18 (FIGURE 1) and further analysis revealed that all were phage type 
DTI 04 (TABLE 2). Antimicrobial susceptibility profiling of ST18 revealed 2 different 
resistance patterns including ACSSuT and ACCeSuT. The classic MDR pattern of ACSSuT 
was found during all phases of the project. Salmonella Worthington was the only other 
serovar isolated during more than one stage. In this case PFGE revealed more than one 
subtype and indicated a difference between isolates from before and during depopulation 
(FIGURE 1). PFGE also showed two different subtypes of Salmonella Typhimurium 
however neither occurred after depopulation. All other serovars represented only one subtype 
as determined by PFGE. 
There were 890 serum samples collected during this study, 250 of which were 
considered positive (FIGURE 2). Monthly seroprevalence for the entire study ranged from 0 
to 100%, the latter occurring immediately before depopulation. The serology testing 
following repopulation agreed with culture in that Salmonella was still present on the farm. 
However, seroprevalence prior to depopulation was 39% (186/480) and significantly 
(pO.OOl) decreased to 16% (64/410) following repopulation. 
Discussion 
The purpose of this study was to eliminate or reduce the DTI 04 strain associated with 
herd production losses in conjunction with an ongoing eradication program for PRRSV and 
M. hyopneumoniae. All Salmonella was not eradicated from the farm as evidenced by 
diagnostic isolates and seroconversion. However, based on serology and culture, the 
prevalence of Salmonella on this farm was greatly diminished following completion of the 
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project. This result has two perceived benefits. First, by reducing the Salmonella load on the 
farm there is a decreased chance of the stock experiencing clinical salmonellosis. This is 
especially evident in this herd as it did indeed suffer from clinical disease due to Salmonella 
prior to this project but has had minimum problems since its completion. The second benefit 
is the reduction of carriage of Salmonella thus decreasing the pathogen load entering the 
abattoir. 
The elimination of both PRRSV and M. hyopneumoniae from this herd was 
successful based on diagnostic testing and lack of clinical disease attributable to these two 
pathogens/Production losses prior to the depopulation were likely due to the combination of 
the PRRSV, Mycoplasma, and DTI04 infections present in the herd. A synergism has been 
previously shown between Salmonella and PRRSV in which those co-infected were more 
likely to develop disease as well as shed Salmonella in higher numbers and for a longer 
period of time.20 Thus elimination of these other pathogens may also be partially responsible 
for the lack of shedding and clinical salmonellosis now seen on the farm. 
Changes in biosecurity likely contributed to the reduced Salmonella prevalence on the 
farm as did the change from pellet to meal feeding. It has been demonstrated that pigs fed a 
coarse non-pelleted feed showed a lower stomach pH, an increased concentration of organic 
acids, and significantly increased numbers of anaerobic bacteria when compared to other pigs 
on a pelleted diet.11 Work in Denmark has shown that increased hygiene and the switch to 
meal feeding may reduce the prevalence of Salmonella, specifically DTI 04, in pig herds.9 A 
significant difference for Salmonella seroprevalence was also shown between herds feeding 
pelleted vs. non-pelleted feed.10 Ongoing work in this laboratory evaluating change to a meal 
diet on two different farms in the US has found similar results.® 
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The use of serotyping, PFGE, phage typing, and antimicrobial susceptibility profiling 
were valuable epidemiological tools in this study for comparing isolates from various phases 
of the project. Based on this data, it is likely that the DTI 04 strain was either never 
eliminated from the farm or the same strain was reintroduced after depopulation-
repopulation. Since the origin of the first isolates is unknown, it is possible that the 
repopulated herd became infected from a common source. In contrast, new serovars and 
subtypes were isolated from the environment during depopulation which had not been 
previously isolated from the pigs. These new strains of Salmonella have not been identified 
in the herd since its repopulation. 
Depopulation of farms to eliminate infection with DTI04 has been attempted 
previously in Denmark.12 These studies concluded that it was not possible to eradicate 
DTI 04 from all pig farms studied. Our work indicates that even though the pen fecals were 
negative following repopulation, DTI04 was still present on the farm as evidenced by its 
subsequent isolation from diagnostic tissues. However it is interesting to note that the DTI 04 
strain was not causing significant production losses based on lack of morbidity and mortality 
attributed to salmonellosis which were present prior to the depopulation. The two diagnostic 
isolates were from sick pigs (not salmonellosis) indicating that the DTI04 strain may only be 
infecting immunocompromised pigs. 
Based on the results of this study it is evident that depopulation-repopulation in 
conjunction with stringent cleaning/disinfection, attention to biosecurity, control of other 
diseases, and changes in feed management may reduce the occurrence of Salmonella within a 
herd. While it is unlikely that a producer would choose depopulation-repopulation based 
solely on Salmonella alone, we have shown that it is possible to address Salmonella concerns 
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while aiming to eradicate other diseases such as PRRSV or M hyopneumoniae. While total 
elimination of Salmonella from a pig farm may be difficult, decreasing the amount of 
Salmonella can lead to fewer problems with clinical salmonellosis. This reduction may also 
decrease contamination of pork products by reducing the amount of Salmonella entering the 
abattoir although further work is needed in this area. 
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TABLE 1 : Summary of Salmonella culture of samples collected from a commercial swine farm before, 
during, and after depopulation-repopulation 
Finisher Status Date Sample type1 Source2 
No. 
Submitted Positive Isolated (No.) 
Prior to finisher Oct 1997 Diagnostic Finisher 1 1 Typhimurium cop. (1) 
depopulation Jan 1999 Diagnostic Finisher 1 1 Typhimurium (1) 
Mar 1999 Diagnostic Finisher 1 1 Typhimurium cop. (1) 
Aug 1999 Pen Fecal Finisher 20 0 NA 
Sept 1999 Pen Fecal Finisher 20 0 NA 
Nov 1999 Diagnostic Finisher 2 2 Typhimurium cop. (2) 
Feb 2000 Pen Fecal Finisher 20 3 Typhimurium cop. (5) 
Feb 2000 Diagnostic Finisher 1 1 Infantis (1) 
Typhimurium cop. (11), 
April 2000 Pen Fecal Finisher 20 6 6,7:nonmotile (3) 
May 2000 Pen Fecal Finisher 11 1 Typhimurium cop. (1) 
June 2000 Pen Fecal Finisher 20 1 Typhimurium cop. (1) 
July 2000 Pen Fecal Finisher 8 0 NA 
Dec 2000 Pen Fecal Finisher 20 0 Salm. Unknown (1) 
Jan 2001 Pen Fecal Finisher 20 1 Putten (3) 
Typhimurium cop. (24), 
Feb 2001 Pen Fecal Finisher 20 11 Worthington (24) 
Mar 2001 Pen Fecal Finisher 20 8 Typhimurium cop. (35) 
April 2001 Pen Fecal Finisher 20 0 NA 
May 2001 Pen Fecal Finisher 20 2 Typhimurium cop. (7) 
During Dec 2001 Environmental Finisher 40 1 Worthington (5) 
depopulation Jan 2002 Environmental Finisher 40 0 NA 
and partial Feb 2002 Environmental Finisher 120 1 Typhimurium cop. (2) 
repopulation July 2002 Environmental Farrowing 23 0 NA 
Environmental Nursery 50 3 Brandenburg (5), 
Worthington (8) 
Environmental Finisher 47 3 Brandenburg (9), 
Heidelberg (5) 
Pen Fecal Farrowing 20 0 NA 
Pen Fecal Nursery 40 2 Brandenburg (10) 
Pen Fecal Finisher 40 0 NA 
After finisher Sept 2002 Diagnostic Finisher 1 1 Typhimurium cop. (1) 
repopulation Feb 2003 Pen Fecal Finisher 20 0 NA 
completed Mar 2003 Pen Fecal Finisher 20 0 NA 
April 2003 Pen Fecal Finisher 20 0 NA 
Sept 2003 Diagnostic Finisher 1 1 Typhimurium cop. (1) 
Feb 2004 Pen Fecal Finisher 20 0 NA 
June 2004 Pen Fecal Finisher 20 0 NA 
July 2004 Pen Fecal Finisher 20 0 NA 
1 Diagnostic samples consisted of tissues (intestine, lung, lymph nodes) submitted for Salmonella 
culture. Pen fecal samples consisted of 25g of feces from a pen containing approximately 20 finishing 
pigs. Environmental samples consisted of swabbing the surface of feeders, feed lines, nipple waterers, 
mist lines, floor drains. Dits, pit olugs, and slats. 
2Stage of production samples originated from 
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TABLE 2: Genotypic and phenotypic comparison of Salmonella isolates from a commercial swine farm 
Finisher status Salmonella Serovar No. isolates PFGEa-type Phage-typeb 
Antimicrobial0 
resistance profile 
Prior to finisher Typhimurium cop." 87 ST 18 DT104 ACSSuT 
depopulation Typhimurium 1 ST 6 NDe None' 
Typhimurium 1 ST 8 ND Na 
Infantis 1 SI 2 ND None 
Putten 3 SP 1 ND None 
Worthington 24 SW 1 ND T 
6,7:nonmotile 3 SN 1 ND None 
During Typhimurium cop. 1 ST 18 DT104 ACSSuT 
depopulation Typhimurium cop. 1 ST 18 DT104 ACCeSuT 
and partial Brandenburg 19 SBG2 ND None 
repopulation Brandenburg 5 SBG2 ND Ce 
Worthington 6 SW 1 ND T 
Worthington 7 SW 4 ND T 
Heidelberg 5 SH 13 ND ST 
After finisher Typhimurium cop. 2 ST 18 DT104 ACSSuT 
repopulation 
completed 
aPulsed-field gel electrophoresis pattern 
bPhage-typing was done for alldSalmonella Typhimurium var. Copenhagen isolates 
"Antimicrobials tested included: Ampicillin(A), Amikacin(Ak), Chloramphenicol(C), Cephalothin (Ce), Ceftiofur(Cf), 
Ciprofloxacin(Cp), Amoxicillin-Clavulanic Acid(Cv), Ceftriaxone(Cx), Cefoxitin(Fox), Gentamicin(G), Kanamycin(K), 
Nalidixic acid (Na), Streptomycin (S), Sulfamethoxazole (Su), Tetracycline (T), Trimethoprim-Sulfamethoxazole(Tm) 
eNot determined (ND) 
'Susceptible to all antimicrobials tested 
60 70 80 90 
• I i i . • l t • • . I i . . i l . • 
Worthington SW01 Before D-R PF 
Worthington SW01 During D-R EV 
Worthington SW04 During D-R EV 
Putten SP01 Before D-R PF 
6,7:non-motile SN1 Before D-R PF 
Heidelberg SH13 During D-R EV 
Brandenburg SBG2 During D-R EV, PF 
Typhimurium ST06 Before D-R TS 
Infantis SI02 Before D-R TS 
Typhimurium cop. ST 18 Before D-R PF, TS 
Typhimurium cop. ST18 During D-R EV 
Typhimurium cop. ST18 After D-R TS 
Typhimurium ST08 Before D-R TS 
FIGURE 1: Pulsed-fïeld gel electrophoresis (PFGE) comparison of Salmonella isolates from a commercial swine farm. The bars 
indicate percent homology between the isolates. Dendogram shows Salmonella Typhimurium var. Copenhagen DTI04 
isolates from before, during, and after depopulation-repopulation had 100% homology. Differences did exist between 
Salmonella Worthington isolated before and during depopulation-repopulation. Column 1 indicates serovar, column 2 
PFGE pattern type, column 3 time isolated (D-R = depopulation-repopulation), and column 4 source of isolate (PF= 
pen feces, EV= environment, and TS= tissue). 
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FIGURE 2: Monthly Salmonella serology (Danish mix-ELISA) on a commercial swine farm before and after depopulation-
repopulation (represented by dashed line). Seroprevalence decreased significantly (pO.OOl) after repopulation 
compared to before depopulation. All samples were collected from finishing pigs. 
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Abstract 
The objective of this work was to determine if pigs became infected with different 
serovars of Salmonella following transport and lairage; and to determine if different 
populations within the same serovars were present based on genotypic and phenotypic 
analysis. Salmonella was isolated from lymph nodes of pigs at the abattoir from 3 herds 
(A,B,C), and compared to isolates cultured previously from feces from 2 of the herds (A,B). 
The farms were located in 3 different states within the U.S. and transported to the same 
abattoir in separate, clean and disinfected vehicles. Isolates were compared using serovar, 
antibiotic resistance profiles, and pulsed field gel electrophoresis. Salmonella strains 
recovered from feces of pigs from farms A and B were found in lymph nodes of pigs from 
their respective farm. Additionally, isolates were cultured from pigs at the abattoir that were 
distinguishable from those cultured from pigs on the source farm based on serovar, genomic 
analysis within serovars, and antibiotic resistance profiles. Biosecurity from the time market 
pigs leave the farm up to and including the hours immediately prior to slaughter are crucial to 
control of Salmonella in pork. New populations of Salmonella can be recovered from pigs at 
the abattoir not previously present on the source farm. Rapid infection may occur in pigs not 
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previously harboring Salmonella and may be with a multi-antibiotic resistant strain thus 
elevating the food safety risk. 
Keywords 
Salmonella, swine, food safety, pulse field gel electrophoresis, antibiotic resistance 
Introduction 
Understanding the epidemiology of human foodborne pathogen transmission through 
the "farm to fork" continuum is crucial when considering food safety in the livestock 
industry. In 1987, Morgan et al.9 described the effect of time in lairage on Salmonella 
contamination of slaughter pigs. They showed that the percentage of pigs carrying 
Salmonella in their ceca increased directly with the time spent in lairage. It was suggested 
that both the size of the holding pen and its hygiene contributed to this result. In turn, a high 
isolation rate from the cecum was generally associated with Salmonella recovery from the 
carcass.1 
In 1995, Fedorka-Cray et al.4 described an alternate route of Salmonella invasion 
using esophagotomized pigs in which Salmonella enterica subspecies enterica serovar 
Typhimurium was isolated from lymph nodes and cecum three hours after intranasal 
inoculation. Recently, Salmonella infection of pigs has been shown to occur in less than 2-3 
hours after being placed in pens which previously housed Salmonella infected pigs.6 In 
addition, pigs at slaughter have increased Salmonella prevalence and contain additional 
serovars not recovered from cohort pigs at the farm of origin.7 Recent work by others 
suggests that rapid extraintestinal dissemination could play a role in contamination of pigs at 
the slaughterhouse.2'11 Thus, it appears possible that pigs from Salmonella-free herds may 
become contaminated through direct contact with contaminated trucks, facilities, and/or 
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commingling with Salmonella positive pigs from the time they leave the farm to the time 
they are slaughtered.7'12 
In this three-herd study, we confirmed the previous work regarding new serovars 
being acquired in lairage. Our objective was to determine if new clones within serovars 
distinguishable by genomic analysis and antibiotic resistance profiles were being acquired in 
lairage as well. 
Materials and Methods 
Sample collection 
From July of 1999 to July of 2000, pooled pen fecal (PPF) samples were cultured 
from herd A located in Kentucky and from herd B located in Oklahoma approximately every 
other month. For each sampling, 20 PPF samples were collected consisting of 5 grams of 
feces from 5 different places within a pen. The pens were chosen randomly and contained 
approximately 25 pigs weighing nearly 110 kg each. The samples were placed on ice and 
shipped overnight for culture within 24 hours of collection. 
Approximately monthly from January 2000 to May 2000, 50-100 ileocecal lymph 
nodes from market weight pigs (-120 kg), identified by tattoo, were collected from an 
abattoir in Missouri. Pigs were transported from their respective farms to the same abattoir 
via separate, clean and disinfected vehicles. Pigs used in the study were the first pigs to be 
slaughtered that day and were held in lairage for at least 3 hours. Lymph nodes were 
collected from pigs of both farm A and B and also from a designated herd C originating in 
Missouri that represented all other pigs killed that day. Following evisceration, ileocecal 
lymph nodes (5 g, n=359) were collected from pigs and placed on dry ice to be cultured 
within 12 hours. 
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Culture 
Pooled pen fecal samples were first diluted 1:10 in buffered peptone water (BPW, 
Difco, Detroit, Michigan) as were lymph nodes after dipping in 70% ethanol for 2 seconds 
and flaming to decontaminate followed by maceration. After 24 hours at 37 C, 0.1 ml of 
BPW was transferred to selective enrichment in Rappaport-Vassiladis (RV, Difco) broth and 
incubated at 42 C for 24 hours, followed by differential plating of 10 jj.1 on XLD at 37 C for 
24 hours. A maximum of 5 Salmonella suspect colonies per plate were inoculated into 
Kliglers, sulfide indole motility, phenylalanine, and lysine iron tubes and checked for 
agglutination with Salmonella O-antisera (Difco).3 All Salmonella isolates were serotyped at 
the National Veterinary Service Laboratories (NVSL), Ames, IA (Table 1). 
Antimicrobial Sensitivity Testing 
Antibiograms were determined using the Kirby-Baur disk diffusion method.10 
Salmonella isolates were suspended in Mueller-Hinton (MH, Difco) broth and turbidity 
adjusted to 0.5 MacFarland Standard. Cultures were then inoculated onto an MH plate and 
antimicrobial discs applied (BBL, Cockeysville, MD). Plates were incubated at 37 C for 24 
hours and then zone of inhibition interpreted according to manufacturer's instruction. Isolates 
were checked for resistance to the following antibiotics: tetracycline, streptomycin, 
ampicillin, sulfisoxazole, chloramphenicol, naladixic acid, ciprofloxacin, 
trimethoprim/sulfamethoxazole, aztreonam, trimethoprim, piperacillin/tazobactam, 
ticarcillin/clavulanic acid, cefotaxime, gentamicin, neomycin, piperacillin, furazolidone, 
amoxicillin/clavulanic acid, colistin, ceftazidime, ceftiofur, enrofloxacin, ceftriaxone, 
cephalothin, kanamycin, cefepime, cefoxitin, spectinomycin. 
Genotypic Analysis 
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Pulsed field gel electrophoresis (PFGE) of S. Heidelberg isolates (n=68) was 
conducted using the endonuclease Xbal according to the protocol utilized by the Center for 
Disease Control.1 PFGE patterns were both analyzed visually and compared with 
BioNumerics software (Applied Maths, Kortrijk, Belgium). Dendrograms used the 
unweighted pair group method using arithmetic averages, Dice coefficient, and 0.8% 
optimization with 1.0% band position tolerance.11 
Results 
Serovars of Salmonella present in PPF samples in herds A and B were also present 
within lymph nodes of pigs from herds A and B respectively at slaughter (TABLE 1). 
Additional different serovars and different clones within serovars were also isolated from 
lymph nodes of pigs from herds A and B. Following slaughter, serovars were isolated from 
pigs of herd B never before isolated from PPF samples on the farm (TABLE 1). Additionally, 
different antibiotic profiles of serovars were found in lymph nodes at slaughter (TABLE 2). 
Lymph nodes from both herds A and B contained at least one clone of Salmonella that was 
resistant to an increased number of drugs than any clone isolated from the respective farm 
PPF samples. No relationship however was seen between antibiotic profiles and PFGE 
patterns. 
Salmonella Heidelberg was present in PPF samples of pigs from both herds A and B 
and also from the lymph nodes of pigs from herds A, B and C and was thus further analyzed 
by PFGE (FIGURE 1). From herd A, a single PFGE pattern represented all of the S. 
Heidelberg isolates. While this same pattern occurred in isolates from herd A lymph nodes, 
isolates with a unique PFGE pattern were also present that were only 95% related. A single 
PFGE pattern represented all S. Heidelberg isolates from the farm of herd B although slightly 
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different from that isolated from the farm of herd A. This pattern was also isolated from the 
herd B lymph nodes but again a second pattern occurred. This new pattern was less than 80% 
related to the isolate from herd B but exactly the same as the PFGE pattern of S. Heidelberg 
isolates from lymph nodes of pigs from herd C. 
Discussion 
We found serovars and clones of serovars, distinguishable by either molecular genetic 
analysis or antibiotic resistance profiles, in pigs at slaughter that were different from those 
found in feces at the farms of origin. The S. Heidelberg isolates from farm and abattoir 
originating from the same source while closely related are still distinguishable based on 
PFGE profiles. Previous work has shown a significant increase in Salmonella prevalence in 
lymph nodes of pigs slaughtered at the abattoir compared to pigs slaughtered on the farm 
allowing for the possibility of rapid dissemination.7 The isolation of different Salmonella 
serovars at the abattoir supports previous work showing an increase in serodiversity 
following transport and lairage.7 Between the time when the pigs left the farm and the time 
they were slaughtered, they became infected with another Salmonella serovar and likely new 
clones within serovars that rapidly disseminated to the ileocecal lymph nodes. 
This study assumed that the Salmonella serovars and genotypes detectable in feces 
are representative of the isolates present in lymph nodes in pigs at the herd of origin. This is 
a reasonable assumption based on the work of Wood et al.13 who found that in a 28-week 
experiment, the strain of S. Typhimurium inoculated was consistently present in the feces as 
well as in lymph nodes cultured in pigs necropsied throughout the study. A recent study did 
indicate that no or fewer Salmonella were present in feces than lymph nodes when pigs were 
necropsied at the farm.7 However, these workers only sampled 1 gram of feces on an 
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individual pig basis and not pooled pen fecal samples. Funk et al.5 showed that a 25 gram 
sample of feces is far superior to a 1 gram sample for Salmonella detection. In addition, 
during the course of this study, pigs that were sick or died were routinely necropsied and 
tissues submitted to a diagnostic lab. Of these, two pigs from herd A had Salmonella isolated 
from their lymph nodes. The isolates were determined to be S. Heidelberg and had identical 
PFGE patterns as the on-farm fecal isolates (data not shown). 
Efforts to reduce Salmonella rely on establishment of intervention strategies. These 
results confirm the work of others in that rapid dissemination of Salmonella during transport 
and lairage requires intervention in order to control Salmonella contamination of pork. If 
indeed pigs exposed to Salmonella hours before slaughter can become systemically infected, 
pigs from Salmonella-free sources may pose the same threat to food hygiene as pigs from 
highly contaminated systems. In addition, pork may become contaminated with organisms 
that are resistant to an increased number of antibiotics, thus posing a further threat to human 
health. 
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TABLE 1: Summary of Salmonella serovars isolated from farm pooled pen feces (PPF) and 
abattoir ileocecal lymph nodes (ICLN) 
Sample Number of Number of Serovars isolated 
Source Samples Collected Salmonella isolates3 (no. isolated) 
(no. positive) 
Herd A 
PPF 161 (4) 21 Heidelberg (21) 
ICLN 228 (8) 9 Heidelberg (9) 
Herd B 
PPF 94(40) 121 Heidelberg (82), 
Typhimurium (30), 
Worthington (9) 
ICLN 90 (71) 69 Heidelberg (7), Typhimurium 
(16), Typhimurium var. 
Copenhagen (1), Worthington 
(43), Derby (2) 
ND° ND NO 
41 (3) 9 Heidelberg (3), Infantis (3), 
Derby (3) 
a Multiple colonies isolated per positive sample if present 
bPigs at abattoir from sources other than herds A and B 
cNot determined (ND) 
Herd C 
PPF 
ICLN 
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TABLE 2: Antibiotic resistance of select Salmonella serovars isolated from swine ante- and 
post-mortem 
Pig Salmonella serovar Antemortem3 Postmortem6 
Source 
Herd A Heidelberg KST (5) KST 
KNeST 
KNeST 
KSSuT* 
KCNeSSuSpT* 
Herd B Heidelberg KST KST 
KNeST KNeST 
None0 
Typhimurium APiSSpSuT 
ANePiSSpSuT AKNePiSSpSuT 
AKNePiSSpSuT AKSSpSuT* 
ACeNePiSSpSuT ACpKNePiSSpSuT* 
Herd C Heidelberg NDd KNeST 
ampicillin (A), chloramphenicol (C), cefepime (Ce), cephalothin (Cp), kanamycin (K), 
neomycin (Ne), piperacillin (Pi), streptomycin (S), spectinomycin (Sp), sulfisoxazole (Su), 
tetracycline (T) 
a Pooled pen feces culture collected on the farm 
b Ileocecal lymph node culture collected at the abattoir 
c Not resistant to any antimicrobial 
d Not determined 
* Not recovered from source farm 
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FIGURE 1 : Pulsed field gel electrophoresis (PFGE) patterns and resulting dendrogram of 
ante- and postmortem Salmonella Heidelberg isolates digested with restriction 
enzyme Xbal 
1 
2 
3 
4 
5 
6 
From Herd A, lane 1 represents pooled pen feces isolates (n=18), and lanes 2 and 5 represent 
lymph node isolates (n=9) 
From Herd B, lane 3 represents pooled pen feces isolates (n=31) and lanes 4 and 7 represent 
lymph node isolates (n=7) 
From Herd C, lane 6 represents lymph nodes isolates (n=3) 
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Abstract 
Previous studies have clearly indicated that pigs can be become infected with 
Salmonella in a matter of hours, a time period similar to that in which pigs are held in lairage 
prior to slaughter. As this time period has emerged as an intervention point for controlling 
Salmonella in slaughter pigs, methods of Salmonella control must be reevaluated in a new 
acute infection model. This study sought to determine if commercially available vaccines as 
well as other strains could protect pigs from this acute infection. Pigs were acquired from a 
source with no detectable levels of Salmonella by either serology or culture. Numerous trials 
were conducted employing different vaccine strains, different administration routes, or 
different frequency of vaccination. Pigs were then challenged or exposed to virulent 
Salmonella, euthanized three hours later, and various tissues collected for serology, 
qualitative, and quantitative culture. There were no consistent, significant differences seen 
between vaccinate and non-vaccinate groups. This work indicates that use of vaccination is 
not likely to protect pigs from acute infection although future work could evaluate a lower 
challenge dose more likely to be present in a lairage environment. 
Introduction 
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In 1965, studies by De Jong et al. showed that dissemination of Salmonella in calves 
may not be solely via the gastrointestinal tract.4 Calves that were esophagotomized and 
subsequently orally challenged with Salmonella still produced culture positive 
gastrointestinal and internal tissues within hours. In 1995, Fedorka-Cray et al. described an 
alternate route of Salmonella invasion using esophagotomized pigs in which Salmonella 
enterica subspecies enterica serovar Typhimurium was isolated from lymph nodes and 
cecum three hours after intransal inoculation.6 In 1999, Vazquez-Torres et al. described a 
mechanism of Salmonella dissemination in which organisms are transported from the 
gastrointestinal tract of mice to the bloodstream by CD18-expressing phagocytes.18 All three 
of these studies suggest that hematogenous spread of Salmonella can occur very quickly and 
be a source of both gastrointestinal and internal tissue contamination. 
In 1987, Morgan et al. described the effect of time in lairage on Salmonella 
contamination of slaughter pigs.16 It was shown that the percentage of pigs carrying 
Salmonella in their cecae increased directly with the time spent in lairage. Recent work by 
Hurd et al. has shown that Salmonella infection of pigs occurs in less than 2-3 hours after 
being placed in pens which previously housed Salmonella infected pigs shedding the 
organism in their feces.7 Erdman et al. and Hurd et al. have shown that pigs at slaughter 
contain additional serovars not recovered from cohort pigs at the farm of origin.5,8 Thus, 
Salmonella causes chronic carrier infections of pigs on farms and additionally pigs can 
become acutely infected during transport and lairage immediately prior to slaughter. Both 
acute and chronic infections result in the presence of Salmonella in pig tissues and organs 
and the possibility of subsequent contamination of pork products. 
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Pigs which have recovered from infection with Salmonella are somewhat resistant to 
re-challenge to homologous re-challenge.19 In addition, there are various commercially 
available Salmonella vaccines that have been shown to be efficacious for reducing 
Salmonella infection on the farm. In 1992, Kramer et al. described an avirulent Salmonella 
enterica subspecies enterica serovar Choleraesuis strain 54 (SC-54, BI-Vetmedica) obtained 
from repeated neutrophil passage.10 This strain was shown to reduce salmonellosis caused by 
S. Choleraesuis when administered to pigs via drinking water. Letellier et al. used a chronic 
infection model and showed an increased mucosal immune response following SC-54 oral 
vaccination and suggested that IgA, cellular immunity, and cytokines are involved in 
reduction of S. Typhimurium in the ileum and mesenteric lymph nodes.11 Studies by Charles 
et al. in 2000 showed reduced shedding of S. Typhimurium in a chronic infection model in 
pigs vaccinated orally with live avirulent S. Choleraesuis Acya, Acrp-cdt (Argus SC/ST, 
Intervet Inc.).3 A field study by Maes et al. has shown that the Argus vaccine may also 
reduce levels of other Salmonella serovars.14 There are no reports of any vaccine being 
effective for the prevention of acute Salmonella infection of swine immediately prior to 
slaughter. Resistance to reinfection to Salmonella is related to the dose of the initial 
exposure to virulent Salmonella and is associated with a high level of serum antibody 
detectable by the Danish mix-ELISA (DME).19 
In 2000, Erdman et al. found serovars and clones of serovars, distinguishable 
by both molecular genetic analysis and antibiotic resistance profiles, in pigs at slaughter 
different from those found in feces at the farms of origin.5 Loynachan et al. have 
investigated the ability of avirulent vaccine strains and field isolates of various Salmonella 
serovars to acutely infect swine.13 Their results indicated that numerous Salmonella serovars 
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previously isolated from pigs are capable of acute infection while infection by avirulent 
vaccine strains was diminished. 
Understanding the epidemiology and mechanism of foodborne pathogen transmission 
through the farm to fork continuum is crucial when considering food safety in the pork 
industry. It is clear from previous work that Salmonella can acutely infect both 
gastrointestinal and internal organs of pigs within 2-3 hours after nasal or oral exposure. 
With this idea in mind, pigs from low prevalence Salmonella herds could be exposed to 
Salmonella hours before slaughter, become systemically contaminated, and pose the same 
threat to food safety as pigs from highly contaminated systems. It is thus crucial to begin 
looking for ways to curb acute infection in an effort to reduce the prevalence and risk of 
Salmonella contaminating post-slaughter pork. With this in mind, it is important to know if 
current avirulent vaccines or mutant Salmonella strains are capable of reducing acute 
infection. The objective of this study was to determine if experimental pigs vaccinated for 
Salmonella are less susceptible to acute infection when challenged with a virulent Salmonella 
isolate. 
Materials and Methods 
Trial design 
The details of the individual trials including number of pigs, treatment type, 
treatment route, and duration of experiment are shown in Table 1. In general, pigs were 
vaccinated with an avirulent strain of Salmonella approximately 2 to 5 weeks prior to 
challenge with a virulent strain of Salmonella as described below. Pigs were monitored 
throughout the trials by both culture of rectal samples and serologic testing of blood samples. 
Following the challenge period, animals were euthanized via intravenous sodium 
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pentobarbital and exsanguated. Various tissues were collected during each necropsy 
including whole blood, cecum contents, colon contents, diaphragm muscle, ileocecal lymph 
node (ICLN), ileum, kidney, liver, lung, mandibular lymph node (MLN), spleen, thymus, and 
tonsil using sterile scalpels and forceps for each. Comparisons were made between 
vaccinated and non-vaccinated groups by either qualitative or quantitative Salmonella culture 
of collected tissues. 
Animals and Acclimation 
Three-week old pigs were acquired from a source with no detectable levels of 
Salmonella by previous culture and serology. Pigs were randomly assigned to desired groups 
and acclimatized for 2 weeks in isolation units which were thoroughly disinfected and 
determined free of Salmonella via environmental sampling. Pen fecal samples were collected 
2 times per week for two weeks to determine if the pigs were free of Salmonella by culture 
using enrichment and selective isolation as described below. Blood was collected upon 
arrival and again 1 week later and assayed for antibodies to Salmonella by ELISA as 
described below. Any units containing pigs with Salmonella or actively induced antibodies 
to Salmonella were eliminated from the study prior to Day 0. Pigs were fed a diet free of 
Salmonella (irradiated at the ISU linear accelerator and cultured for Salmonella), animal by­
products, antibiotics, and chemobiotics. Access to feed and water was ad libitum. 
Salmonella culture 
For qualitative culture, samples were diluted 1:10 with buffered peptone water 
(BPW). Following incubation for 18 hours at 37 C, 100 ul of the sample was transferred to 
9.9 ml of Rappaport Vassiliadas (RV) broth and incubated at 42 C for 18 hours. 100 ul of RV 
was then spread on xylose lysine deoxycholate (XLD) plates and incubated overnight at 37 
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C. Plates were screened for Salmonella suspect colonies based on colony morphology, 
hydrogen sulfide production, and lack of lactose fermentation. In trials using fluorescent 
Salmonella as described below, an ultraviolet light could be used to screen for fluorescing 
colonies in a dark room. Biochemical tests including Kliglers, lysine iron agar, sulfide indole 
motility, and phenylalanine as well as Salmonella O-antisera were used to confirm 
Salmonella isolation. 
For quantitative culture, samples were held on ice until processing followed by 1:10 
dilution in phosphate buffered saline (PBS). Serial dilutions were then made and plated 
directly on XLD in duplicate. Plates were incubated at 37 C for 18 hours and colony counts 
made based on characteristics described above including colony fluorescence. 
Salmonella serology 
Anti-Salmonella antibody levels were determined in order to identify previous 
exposure and monitor seroconversion to administered vaccines. Blood (10 ml) was collected 
approximately weekly from the jugular or cranial vena cava via a syringe and 20 gauge 
needle. The sera was collected via centrifugation and analyzed using the Danish mix-ELISA 
(DME).17 Briefly, a lipopolysaccharide (LPS) antigen in a 0.1 M sodium carbonate buffer 
(pH 9.6) was used to coat 96 well flat bottom polysorb plates which were then incubated 
overnight at 4°C. Plates were emptied, blocked for 15 minutes with a phosphate buffered 
saline (PBS) Tween 20 buffer to which 1% bovine serum albumin (BSA) had been added, 
and washed once with PBS-Tween 20 buffer. Controls, consisting of a blank, and one 
negative, 4 S. Typhimurium positive sera and 2 S. Choleraesuis positive sera, and the test 
sera were diluted 1:400 in the PBS-Tween 20 BSA buffer and dispensed in duplicate on each 
plate. Plates were incubated for 1 hour at room temperature, then washed three times. Rabbit 
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anti-swine IgG serum conjugated with horseradish peroxidase was diluted and added to each 
well, and incubated for 1 hour at room temperature. Wells were washed and 100 ul enzyme 
substrate, O-phenylenediamine dihydrochloride (OPD), were added to each. Plates were then 
incubated for ten minutes. Color development was stopped with 0.5 M sulfuric acid and 
optical density (OD) of each well was read at 490 nm with an ELIS A plate reader. Using the 
OD readings of the one negative and four S. Typhimurium control sera, a regression line was 
created and used to calibrate test sera OD values to OD %. Comparisons were made between 
vaccinates and non-vaccinates and experimental samples with an OD % >10 were 
considered positive. 
Flow cytometry 
Flow cytometry was employed in Trial 6 in order to determine the association of 
Salmonella with pig CD-18 expressing peripheral blood leukocytes (PEL). Blood was 
collected in heparin tubes from pigs challenged with HL10969 and non-challenged controls. 
Whole blood (0.1 ml) from each sample was transferred to two polyproplylene tubes (labeled 
experimental and isotype control) and 0.1 ml of cold PBS with 0.1% azide was added to 
each. The samples were chilled on ice for 2 minutes before adding 20 ul of phycoerythrin-
conjugated human anti-CD-18 (Pharmingin) to experimental tubes and 20 ul of 
phycoerythrin-conjugated mouse IgGl to the isotype control. Each tube was vortexed and 
chilled on ice in the dark room for 20 minutes. Red blood cells were lysed by adding 2 ml of 
cold IX lysing solution by diluting from the stock 10X solution containing ammonium 
chloride (80.2 g), sodium bicarbonate (8.4 g), EDTA disodium (3.7 g), and distilled water up 
to 1 L. Samples were vortexed and incubated at room temperature for 10 minutes before 
centrifugation for 5 minutes at 1200 rpm. The supernatant was discarded and pellet washed 
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twice in 2 ml of cold PBS with 0.1% azide. The pellet was then resuspended in 1 ml of PBS 
with 2% paraformaldehyde and analyzed using an EPICS XL-MCL (Beckman-Coulter) flow 
cytometer to determine the percentage of CD-18 (red) and GFP (green) double-positive 
leukocytes gated by forward and side scatters. 
Vaccine strains: All bacterial strains used in this study are described in Table 2. Two 
commercial vaccines were studied. The first was Salmonella Choleraesuis strain 54 (SC-54, 
BI-Vetmedica) originally obtained following repeated neutrophil passage.10 The second was 
Salmonella Choleraesuis, a Acya, Acrp-cdt mutant (Argus SC/ST, Intervet Inc.).9 There were 
also two avirulent mutants not commercially available that were evaluated. Salmonella 
Typhimurium strain x4233 (HL10810) is a Acya, Acrp mutant that is also resistant to 
nalidixic acid. Salmonella Typhimurium strain SL7541 (HL10325) is an aroA(serC)::TnlO 
mutant acquired from Dr. Bruce Stocker. A virulent strain was also used in order to 
determine if virulent strains were better capable of inducing protection from subsequent acute 
infection. S. Typhimurim strain HL10365 was previously isolated from a swine lymph node 
by Erdman et al.5 
Challenge strain 
The challenge strain used for all trials was originally acquired as Salmonella 
Typhimurium x4232 (HL10347), a virulent naladixic-acid resistant strain. This strain 
originated from strain 798 which was originally isolated from a herd of swine with acute 
salmonellosis.20 Strain HL10344 was engineered in our laboratory after addition of a green 
fluorescent protein (GFP) plasmid to HL10347 via a triparental mating.2'15 Expression of the 
GFP allowed for identification and confirmation of reisolation of the challenge strain during 
all trials. In an attempt to increase virulence, HL10347 was inoculated into a live pig which 
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was necropsied 3 hours later. The organism was reisolated from the mesenteric lymph nodes, 
designated HL10969, and used as the virulent challenge strain for all vaccine trials. 
A growth curve for HL 10969 was determined in order to correlate optical density 
with colony forming units (cfu). A tube containing 9 ml of Luria-Bertani (LB) broth was 
inoculated with crystals from a frozen stock incubated overnight at 37 C. On day 2, 0.5 ml of 
the overnight culture was inoculated into a baffled flask containing 50 ml of LB and 
incubated at 37C while shaking at 250 RPM. When the cells were in early log phase (3-5 
hours later) the culture was transferred to polycarbonate centrifuge tubes and centrifuged at 
5000 x g for 15 minutes at 4 C. The supernatant was discarded and the pellet resuspended in 
1 ml of phosphate buffered saline (PBS) followed by vortexing. A spectrometer was used to 
measure the absorbance at 600 nm and the optical density (OD) recorded. The suspension 
was then serially diluted (10-fold) and each measured OD also plated onto a blood agar plate 
(BAP) in duplicate in order to construct the curve. The BAPs were incubated overnight at 37 
C and concentrations determined by viable count method. 
For experimental trials, the challenge strain was grown as described above and then 
diluted with PBS until the OD correlating to the desired concentration was achieved. Final 
cfu/ml was determined by viable counts on BAPs. To challenge experimental pigs, 1 ml of 
inoculum was administered intranasally via a syringe and 2 inch plastic catheter. 
Challenge via seeder pigs 
For Trial 8, challenged seeder pigs actively shedding Salmonella were used to expose 
treatment and control groups as opposed to direct intranasal challenge. Pigs were obtained 
and handled as above. Pigs (n = 7) designated to be seeders were challenged intranasally with 
1 ml of 5x109 cfu/ml of the Salmonella challenge strain at 49 days of age. Two days after 
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seeder pig challenge, treatment and control pigs were introduced into the seeder pen and 
commingled for 3 or 6 hours. Pen fecal samples were collected before this introduction and at 
the time the last pig was sacrificed in order to determine the level of Salmonella exposure. 
Statistics 
Qualitative culture (positive or negative) results were analyzed for all tissues as well 
as non-alimentary tissues only (minus tonsil, cecum, and colon). Quantitative and qualitative 
data was analyzed using SAS and the nonparametric Wilcoxon (nparlway) procedure. 
Significance was set at p < 0.05. 
Results 
Trial 1 
The serologic and culture results for Trial 1 are shown in Figures 1 and 2 
respectively. There was no seroconversion following vaccination with SC-54 with average 
OD% for all three groups decreasing during the 17 days post-vaccination. There were no 
significant differences in qualitative culture between vaccinates and non-vaccinates 
sacrificed 3 hours after challenge with HL10969. There was also no difference in quantitative 
culture of tonsils and ICLN although a significant difference was present when comparing 
cecum contents of vaccinates (1.1 x 106 cfu/g) to non-vaccinates (1.7 x 10s cfu/g) (Table 2). 
Trial 2 
The serologic and culture results for Trial 2 are shown in Figures 3 and 4 
respectively. Two pigs in the Argus SC/ST group had positive titers starting on Day 0. These 
pigs and the group average decreased throughout the study indicating lack of seroconversion 
following vaccination. There was no significant difference in mean OD% between either 
vaccinate group and the non-vaccinates. There were also no significant differences noted for 
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qualitative or quantitative (Table 2) culture between vaccinates and non-vaccinates sacrificed 
3 hours after challenge with HL10969. 
Trial 3 
The serologic and culture results for Trial 3 are shown in Figures 5 and 6 
respectively. There was no significant serologic response to either Argus SC/ST or SC-54 
following the first vaccination when compared to non-vaccinates. In this trial a second dose 
of vaccine was given on day 12 which led to a slight increase in average OD% in both Argus 
SC/ST and SC-54 groups by day 18 all though neither were significant. There was again no 
significant difference between qualitative culture of non-vaccinates, Argus SC/ST, and SC-
54 groups. There was also no difference in quantitative culture (Table 2). 
Trial 4 
The serologic and culture results for Trial 4 are shown in Figures 7 and 8 
respectively. One pig in the x4233 group became ill after intraperitoneal vaccination and was 
euthanized. A slight increase in OD% of vaccinates compared to non-vaccinates was seen 
after the first intraperitoneal vaccination and a significant (p < 0.01) response was seen after 
the intranasal booster on day 13 with both SL7541 and x4233 groups reaching an average 
DME OD% > 60. These were the highest antibody levels achieved in any of the vaccination 
trials. When compared to non-vaccinates, SL7541 vaccinates had significantly less pigs with 
culture positive blood samples while x4233 vaccinates were significantly different for MLN, 
spleen, ICLN, blood, and all tissues combined. A significant difference was also noted in 
quantitative culture of cecum contents between SL7541 vaccinates and non-vaccinates (Table 
2). 
Trial 5 
I l l  
The pigs in this trial tested Salmonella culture positive before the study began. The 
pigs were thus transferred to a different project and Trial 5 was discontinued. 
Trial 6 
The serologic and culture results for Trial 6 are shown Figures 9 and 10 respectively. 
For this trial there was no opportunity to collect blood prior to the day of vaccination 
however blood from the day of vaccination was negative. A significant difference in average 
DME OD% was noted between Argus SC/ST IN and IP vaccinated groups and non-
vaccinates after the second dose. No significant differences were seen in either qualitative or 
quantitative (Table 2) culture results. Flow cytometry results (Figure 11) showed no 
significant differences in double-positive (CD 18 + GFP) monocytes, granulocytes, or 
lymphocytes between Salmonella challenged vaccinates and nonvaccinates. 
Trial 7 
The serologic and culture results for Trial 7 are shown in Figures 12 and 13 
respectively. No significant difference in seroconversion was seen between vaccinates and 
nonvaccinates. Pigs were challenged with HL10969 and necropsied on Day 21. There was no 
significant difference in qualitative or quantitative (Table 2) culture results. 
Trial 8 
The pigs in this trial tested Salmonella culture positive before the study began. The 
pigs were thus transferred to a different project and Trial 8 was discontinued. 
Trial 9 
The serologic and culture results for Trial 9 are shown in Figures 14 and 15 
respectively. Serology indicated no significant difference in average OD% in vaccinates 
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compared to nonvaccinates. Pigs were challenged with HL10969 and necropsied on Day 30. 
There were no significant differences in qualitative or quantitative (Table 2) results. 
Trial 10: 
The serologic and culture results for Trial 10 are shown in Figures 16 and 17 
respectively. Serology indicated no significant difference in average OD% in vaccinates 
compared to nonvaccinates. Pen fecals were collected from the contaminated pen in order to 
determine Salmonella concentration. Concentration at the time pigs entered the pen and at the 
time of necropsy (6 hours later) were 2.0 x 106 and 1.8 x 105 cfu/g respectively. There were 
no significant differences in qualitative or quantitative (Table 2) results. 
Discussion 
These trials showed that commercial vaccines are unlikely to provide significant, 
repeatable protection against acute Salmonella infection as determined by our model. When 
evaluating the two commercial vaccines Argus SC/ST and SC-54, seroconversion as detected 
by the DME was sporadic. Similar results in regard to SC-54 have been noted previously.1 It 
is unknown why these commercial Choleraesuis vaccines do not cause seroconversion but 
lack of invasion of the alimentary tract and rapid clearance are possible explanations. 
Additionally, Loynachan et al. showed a decreased ability of avirulent vaccine strains to 
cause acute infection when compared to virulent strains.13 The protection afforded by these 
vaccines against clinical salmonellosis may thus be local immunity such as immune 
exclusion due to increased IgA as opposed to circulating antibody. Differences in intestinal 
IgA between vaccinates and non-vaccinates when no differences in circulating Ig was noted 
provides some evidence for this theory (Erdman, unpublished data). It is thus possible that 
the lack of a systemic response could not consistently reduce hematogenous spread of 
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Salmonella. Previous work in mice has associated CD-18 expressing phagocytes with acute 
spread of Salmonella,18 Limited flow cytometry data from our work did not confirm a 
significant association between CD-18 expressing cells and GFP expressing Salmonella in 
swine although more extensive investigation is needed. 
Some pigs and groups of pigs throughout this work did however seroconvert. Even 
when seroconversion occurred, usually due to repeat vaccination, no clear association with 
protection from acute infection could be made. There are two possible explanations for this 
result. Seroconversion alone is not sufficient to reduce acute Salmonella infection, or the 
challenge dose was too high in these experiments. It was not until after these trials were 
completed that Loynachan et al.12 determined that the minimum infective dose (MID) 50 was 
approximately 103 cfu/g. Trial 10 came closest to this level of challenge with feces from the 
contaminated pen having 105 to 106 cfu/g of feces. It is unknown however the exact amount 
of Salmonella that would have been inhaled or ingested from such an environment. Future 
trials should evaluate protection against a challenge dose which is more likely to be 
encountered in an environment such as abattoir lairage pens. 
In Trial 4, there was a significant difference in serologic response between vaccinates 
and non-vaccinates. Some significant culture differences were also shown, most notably the 
difference in all tissues combined between the x4233 and non-vaccinate groups. This trial 
most closely resembled that of clinical salmonellosis in that the vaccinated pigs became 
seriously ill with diarrhea, fever, and lethargy and one pig in the x4233 had to be euthanized. 
It is thus not surprising that there was a significant serologic response, the highest noted in 
any of the trials. This in turn may explain why this trial showed the most significant 
reduction in acute infection. A similar attempt was made in Trial 9 in which a wild-type 
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Salmonella isolate (HL10365) previously isolated from a pig lymph node was used to 
intranasally vaccinate the pigs. Although mild diarrhea was noted in 50% of the vaccinates, 
the illness was much less severe than in Trial 4 and there were no significant differences in 
either serologic response or culture results when compared to non-vaccinates. These results 
may indicate some benefit of immunity against acute infection but only at the level achieved 
by recovering from clinical disease, a scenario not provided by avirulent vaccines and 
impractical regardless. 
Both SC-54 and Argus vaccines have been shown to reduce Salmonella in chronically 
infected pigs and protect against clinical salmonellosis.3'10 Baum et al. showed that 
vaccinated pigs had less Salmonella in lymph nodes collected at the abattoir when compared 
to nonvaccinates.1 However it is unknown whether this result was attributable to protection 
from acute infection, or simply a decreased starting level of Salmonella in vaccinated pigs 
with a subsequent equal increase in both vaccinates and nonvaccinates. Based on the results 
of our work it would seem the latter explanation is more likely. Thus vaccine usage may still 
have a place in food safety for defined systems such as integrators wishing to decrease the 
amount of Salmonella entering the abattoir from the farm. Other pork producers however 
would currently have no such incentive to use a vaccine in absence of clinical disease. 
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TABLE 1 : Design of trials used to evaluate protection against acute Salmonella infection of 
swine 
Trial Group (# pigs) Treatment Route0 Time Time between 
# (1st/ 2nd) between last challenge and 
treatment necropsy 
and 
challenge 
Negative controls3 (4) PBS IN NA NA 
1 Non-vaccinatesb (6) PBS IN 14 days 3 hrs 
Vaccinates (6) SC-54 IN 14 days 3 hrs 
Negative controls (2) PBS IN NA NA 
2 Non-vaccinates (6) PBS IN 14 days 3 hrs Vaccinates (6) Argus SC/ST IN 14 days 3 hrs 
Vaccinates (6) SC-54 IN 14 days 3 hrs 
Negative controls (5) PBS IN/IN NA NA 
Non-vaccinates (5) PBS IN/IN 15 days 3 hrs 
j Vaccinates (5) Argus SC/ST IN/IN 15 days 3 hrs 
Vaccinates (5) SC-54 IN/IN 15 days 3 hrs 
Negative controls (5) PBS IP/IN NA NA 
4 Non-vaccinates (5) PBS IP/IN 29 days 3 hrs Vaccinates (5) SL7541 IP/IN 29 days 3 hrs 
Vaccinates (5) x4233 IP/IN 29 days 3 hrs 
5 Tested Salmonella positive before trial started (15) 
Negative controls (2) PBS IN/IN NA NA 
Non-vaccinates (5) PBS IN/IN 28 days 3 hrs 
fy 
Vaccinates (2) Argus SC/ST IN/IN NA NA 0 Vaccinates (7) Argus SC/ST IN/IN 28 days 3 hrs 
Vaccinates (2) Argus SC/ST IP/IP NA NA 
Vaccinates (7) Argus SC/ST IP/IP 28 days 3 hrs 
Negative controls (7) PBS IN NA NA 
7 Non-vaccinates (9) PBS IN 21 days 3 hrs 
Vaccinates (9) Argus SC/ST IN 21 days 3 hrs 
8 Tested Salmonella positive before trial started (13) 
Negative controls (2) PBS IN/IN NA NA 
o Non-vaccinates (8) PBS IN/IN 30 days 3 hrs 7 Vaccinates (2) HL10365 IN/IN NA 3 hrs 
Vaccinates (8) HL10365 IN/IN 30 days 3 hrs 
Negative controls (3) PBS IN NA NA 
Seeder pigs (7) PBS IN NA 2 days 
1 A Non-vaccinates (7) PBS IN 3 hrs IV Vaccinates (7) SC-54 IN 3 hrs 
Non-vaccinates (7) PBS IN 6 hrs 
Vaccinates (7) SC-54 IN 6 hrs 
a Neither vaccinated nor challenged. This group received sterile phosphate buffered saline (PBS) 
b Challenged but not vaccinated 
c Some groups treated only once 
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TABLE 2: Average Salmonella quantitative (cfu/g) culture results of tissue from swine 
vaccinates and non-vaccinates challenged with virulent S. Typhimurium in an 
acute infection model 
Trial Group Tonsil Cecum 
Contents 
ICLN" Blood Ileum 
1 
Negative controls'1 
Non-vaccinates11 
Vaccinates (SC-54) 
0 
1.80 x 102 
1.05 x 103 
0 
1.70 x 108 
1.10 x 106 
0 
0 
0 
NDC 
ND 
ND 
ND 
ND 
ND 
Negative controls 
Non-vaccinates 
0 
6.90 x 10^ 
0 
8.00x10? 
0 
2.00x 
101 
0 
1.00 x 
103 
ND 
ND 
ND 
ND 
2 Vaccinates (Argus) 
Vaccinates (SC-54) 
8.90 x 102 
4.50 x 103 
4.80 x 106 
6.10 x 107 
ND 
ND 
ND 
ND 
Negative controls 
Non-vaccinates 
0 
3.98 x 10^ 
0 
6.01 x 104 
0 
2.00 x 
10° 
2.50 x 
101 
5.02x 
102 
ND 
ND 
ND 
ND 
3 Vaccinates (Argus) 3.04 x 105 2.40 x 105 ND ND 
Vaccinates (SC-54) 1.81 x 105 1.82 x 10* ND ND 
4 
Negative controls 
Non-vaccinates 
Vaccinates (SL7541) 
Vaccinates (x4233) 
0 
5.50 x 104 
2.88 x 10^ 
4.90 x 103 
0 
6.98 x 10* 
7.24 x 105 
2.50 x 106 
ND 
ND 
ND 
ND 
0 
1.75 x 101 
1.00 x 101 
3.00 x 101 
ND 
ND 
ND 
ND 
6 
Negative controls 
Non-vaccinates 
Vaccinates (Argus, IN) 
Vaccinates (Argus, IP) 
0 
4.40 x 102 
7.43 x 102 
1.76 x 103 
0 
6.20 x 107 
3.14 x 106 
3.01 xlO6 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
7 
Negative controls 
Non-vaccinates 
Vaccinates (Argus) 
0 
7.28 x 103 
9.19 x 103 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
9 
Negative controls 
Non-vaccinates 
Vaccinates (HL10365) 
0 
4.49 x 103 
7.47 x 103 
0 
1.32 x 107 
1.16 x 106 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
10 
Negative controls 
Non-vaccinates 
Vaccinates (SC-54) 
0 
1.12 x 104 
3.06 x 104 
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FIGURE 1 : Serologic response in Trial 1. Pigs were vaccinated intranasal with 1 ml of SC-54 
on Day 0. There was no significant difference between groups. 
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FIGURE 2: Qualitative culture results for Trial 1. Pigs were challenged on Day 17 with 10 
cfu/ml of HL10969 and necropsied 3 hours later. There was no significant 
difference between vaccinates and non-vaccinates. 
121 
• Non-vaccinates (n=6) •SC-54 (n=6) Argus SC/ST (n=6) 
Day 0 Day 19 
Days post vaccination 
Day 23 
FIGURE 3: Serologic response in Trial 2. Pigs were vaccinated intranasal with either SC-54 
or Argus SC/ST on Day 0. There was no significant difference between any 
groups. 
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FIGURE 4: Qualitative culture results for Trial 2. Pigs were challenged on Day 23 with 109 
cfu/ml of HL10969 and necropsied 3 hours later. There was no significant 
difference between vaccinates and non-vaccinates. 
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FIGURE 5: Serologic response in Trial 3. Pigs were vaccinated intranasal with either SC-54 
or Arugs SC/ST on Day 0 and again on Day 12. There was no significant 
difference between any groups. 
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FIGURE 6: Qualitative culture results for Trial 3. Pigs were challenged on Day 27 with 10 
cfu/ml of HL10969 and necropsied 3 hours later. There was no significant 
difference between vaccinates and non-vaccinates. 
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FIGURE 7: Serologic response in Trial 4. Pigs were vaccinated with 109 cfu/ml of either 
SL7541 or x4233 intraperitoneal on Day 0 and boostered on Day 13 intranasal. A 
significant (p < 0.01) difference in average OD% was seen between both 
vaccinate groups and the non-vaccinate group on Day 22. Pigs were challenged 
and necropsied on Day 22. 
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FIGURE 8: Qualitative culture results for Trial 4. Pigs were challenged with 109 cfu/ml of 
HL10969 and necropsied 3 hours later. When compared to vaccinates, SL7541 
had a significant (p = 0.047) difference in blood culture while x4233 had 
significantly (p = 0.007) less Salmonella in all tissues combined. 
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FIGURE 9: Serologic response in Trial 6. Pigs were vaccinated with Argus SC/ST either 
intranasal (IN) or intraperitoneal (IP) on Day 0 and again on Day 20. After the 
second dose there was a significant difference (p < 0.01) between both IN and IP 
groups and the non-vaccinates. 
• Non-vaccinates (n=5) • Argus SC/ST intranasal (n=7) 
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FIGURE 10: Qualitative culture results for Trial 6. Pigs were challenged on Day 48 with 109 
cfu/ml of HL10969 and necropsied 3 hours later. There was no significant 
difference between vaccinates and non-vaccinates. 
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FIGURE 11 : Flow cytometry results from Trial 6. Pigs were vaccinated with Argus SC/ST 
either intranasal (IN) or intraperitoneal (IP) on Day 0 and again on Day 20. Pigs 
were challenged on Day 48 with 109 cfu/ml of HL10969 and necropsied 3 hours 
later. Axillary blood was collected using aseptic technique. There were no 
significant differences between any groups. 
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FIGURE 12: Serologic response in Trial 7. Pigs were vaccinated intranasal with Argus 
SC/ST on Day 0. There was no significant difference between vaccinates and 
non-vaccinates. 
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FIGURE 13: Qualitative culture results for Trial 7. Pigs were challenged on Day 21 with 10 
cfu/ml of HL10969 and necropsied 3 hours later. There was no significant 
difference between vaccinates and non-vaccinates. 
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FIGURE 14: Serologic response in Trial 9. Pigs were vaccinated intranasal with HL10365 on 
Day 0 and again on Day 12. There was no significant difference between 
vaccinates and non-vaccinates. 
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FIGURE 15: Qualitative results for Trial 9. Pigs were challenged on Day 30 with 109 cfu/ml 
of HL10969 and necropsied 3 hours later. There was no significant difference 
between vaccinates and non-vaccinates. 
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FIGURE 16: Serologic response in Trial 10. Pigs were vaccinated intranasal with SC-54 on 
Day 0. There was no significant difference between vaccinates and non-
vaccinates. 
• Non-vaccinates, 3 hrs (n=7) • SC-54, 3 hrs (n=7) 
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FIGURE 17: Qualitative culture results for Trial 10. Pigs were placed in a pen contaminated 
with Salmonella (between 105 and 106 cfu/g) by seeder pigs. Pigs were then 
necropsied after 3 or 6 hours of exposure. No significant difference was seen 
between vaccinates and non-vaccinates for either time period. 
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CHAPTER 6. GENERAL CONCLUSIONS 
The results from this work indicate that continued monitoring of Salmonella in 
finishing pigs on US farms may not be necessary. Although a majority of farms tested 
yielded Salmonella isolates, a very small percentage had any significant level of Salmonella 
or clinical salmonellosis. For those farms experiencing clinical disease due to Salmonella, 
monitoring may be desired to evaluate extent of Salmonella infection and effectiveness of 
interventions utilized. Such monitoring may include culture, serology, or both. While these 
tests detect different stages of infection, agreement between the two in longitudinal studies 
makes either acceptable for Salmonella monitoring of select herds. Serologic tests such as the 
Danish mix-ELISA determine responses to a previous infection and should be used to 
establish baseline levels of seroconversion in a herd. Salmonella culture on the other hand is 
an indicator of current infection and has the advantage of producing isolates for further tests 
such as serotyping, phage-typing, antibiotic sensitivity, and pulsed-field gel electrophoresis. 
Use of these tests on isolates from this study indicated the diversity of serotypes and subtypes 
in U.S. finishing pigs. Antimicrobial sensitivity testing results ranged from pansusceptible to 
multi-drug resistant and indicated a very low prevalence of penta-resistant DTI04 in tested 
finishing herds. Future work should further investigate the dynamics of antimicrobial 
resistance on swine farms and attempt to firmly establish the risk or lack thereof attributable 
to the presence of these isolates on the farms. With the emergence of an increasing number of 
antimicrobial-free swine producers an opportunity is available to compare isolates from 
systems with and without antimicrobial usage. The possibility exists that no significant 
differences are present at the farm level which would indicate that reasons for eliminating 
antimicrobials from swine farms are inflated, or that there is no difference in the isolates 
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from pork products indicating that contamination at the abattoir as discussed below negates 
the effort to avoid antimicrobial use on the farm. 
Salmonella is an economic or safety issue in very few herds, however, these select 
herds may benefit from reducing their Salmonella level. One possible way to do this is by 
considering methods of Salmonella control in startup systems or established systems being 
depopulated-repopulated. As evidenced by this work, the level of Salmonella based on both 
culture and serologic testing can be significantly reduced in finishing pigs in farms being 
depopulated-repopulated due to other pathogens such as porcine reproductive and respiratory 
virus (PRRSV) and Mycoplasma hyopneumoniae. Special attention to control of other 
diseases on the farm, biosecurity, feed source and composition, environmental testing during 
clean-up, and testing of replacement pigs can all contribute to the reduction of Salmonella 
and elimination of salmonellosis. Future work in this area may wish to investigate these 
individual parameters by themselves. For instance, simply changing the ration from pelleted 
to ground may be enough to reduce the level of Salmonella in most systems. 
From a food safety perspective, preharvest intervention to control Salmonella should 
be redirected from the farm to the abattoir. It is becoming clear that reduction of Salmonella 
on the farm is futile if contamination occurs during transport or lairage. Results from this 
work indicate that pigs at the abattoir contain different serovars and subtypes of serovars not 
present on the source farm. Thus regardless of the on-farm Salmonella status of the pigs, 
acute infection during transport and lairage may have more of an influence on the prevalence 
of Salmonella in pigs at slaughter. This acute infection must therefore be addressed in order 
to decrease Salmonella in slaughter pigs. Only after this source of acute infection is 
eliminated should the switch from preventing new infections back to dealing with low levels 
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of Salmonella on the farm even be considered. The idea of focusing Salmonella control at the 
abattoir helps circumvent the lack of widespread testing of pigs on the farm. Although in the 
Danish control program it is mandatory to test and classify herds according to their 
Salmonella level, such a plan is not feasible in the United States. This is due to differences in 
government control over the pork industry and the lack of financial gains or penalties 
associated with Salmonella control in the U.S. That said, there are cases in the U.S. were on-
farm monitoring and control may be beneficial. These include farms with clinical 
salmonellosis wishing to evaluate the effectiveness of their intervention, and an integrated 
swine system in which monitoring and early detection of an increased Salmonella level may 
allow for quicker intervention and a logistic slaughter process at the abattoir. 
It seems that vaccination is not the answer for protecting pigs from this acute 
infection just prior to slaughter. Although it seems reasonable that a primed immune system 
would make the pig less susceptible to acute infection, sterilizing immunity in such a short 
time period is likely too much to ask. Had the vaccines been successful there would still be a 
lack of financial incentive for most producers to spend money on vaccines to protect pigs 
after they leave their farms, except possibly integrators as discussed above. Previous work by 
Baum et al.1 suggests that vaccination on the farm may reduce the prevalence of Salmonella 
in lymph nodes at slaughter. It is likely that this is due to decreasing the Salmonella level 
while pigs are still on the farm as opposed to protecting against acute infection at the abattoir. 
It could thus be a justifiable investment for integrators trying to reduce the Salmonella 
entering their own abattoir. Future work to control this infection should focus solely on 
decontamination of all points between the farm and the rail including trucks, trading stations, 
loading docks, and lairage pens. Loynachan et al.2 have recently shown that >103 cfu/g of 
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Salmonella are needed for acute infection of swine. It thus seems reasonable that abattoirs 
strive to decrease environmental contamination to less than 103 cfu/g, which may make 
research into other methods of control unnecessary. 
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Abstract 
The 1-2 Test is a rapid culture test for detection of motile Salmonella. The aim of this 
study was to evaluate the 1-2 Test for its ability to detect Salmonella in swine feces following 
pre- and selective enrichment. Pooled pen fecal samples (n=l 18) and pig rectal swabs 
(n=51) were cultured for Salmonella by the 1-2 Test and compared to the standard isolation 
protocol currently used in our laboratory. In addition, pen fecal samples known to be 
Salmonella free were spiked with varying concentrations of Salmonella enterica subspecies 
enterica serovar Typhimurium and cultured by both methods in order to determine the 
minimum number of organisms needed to produce a positive result. When naturally 
contaminated pen feces and rectal swabs were used, both standard culture and the 1-2 Test 
were similar. The 1-2 Test did however outperform standard culture when testing the spiked 
feces samples (%2=4.00). The test kit reduced time and materials required for detection of 
Salmonella in swine feces. Based on the results of this study, the 1-2 Test is an accurate 
method for monitoring Salmonella in swine feces. 
Keywords 
Salmonella, swine, feces, food-safety, 1-2 Test 
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Introduction 
Human consumption of Salmonella contaminated pork can lead to severe 
gastroenteritis in the immunocompetent and further to extraintestinal infection in the 
immunocompromised. It has been estimated that Salmonella in pork accounts for 
approximately 6-9% of human illness.9 This risk has led to extensive monitoring and 
intervention at various points in the pork production chain. Fecal culture is often used to 
determine the Salmonella status of pigs. Current methods for culture of Salmonella from 
swine require at least 3 days to identify a negative sample and 5 days to identify a positive 
sample. 
The 1-2 Test(BioControl Systems, Inc.) has previously been shown to be efficacious 
and more rapid than culture for detecting Salmonella in food products.7,14 This test detects 
motile Salmonella by allowing migration in agar and the formation of immunobands due to 
immobilization of the cells by a polyvalent H (flagellar) antiserum. A collaborative study 
showed no difference between the 1-2 Test and the BAM/AO AC method for detection of 
Salmonella in a variety of food products.8 In these studies, a selective enrichment but not a 
pre-enrichment step was used for highly contaminated products. Subsequent studies 
suggested that the sensitivity of the 1-2 Test could be increased if the test vials were 
inoculated following both pre-enrichment and selective enrichment.4'6,10'14 
The purpose of this study was to determine if the 1-2 Test in conjunction with pre-
and selective enrichment could effectively detect Salmonella in swine fecal samples when 
compared to conventional culture methods (the gold standard). 
Materials and Methods 
Bacteria 
Salmonella Typhimurium (HL10001) previously isolated from swine feces was used 
as inoculum for spiked feces trials in the laboratory. Strain HL10001 was inoculated into 
tryptic soy broth (TSB) and cultured overnight at 37°C. Cultures were then diluted to 
extinction and determined to contain approximately 109 colony forming units (cfu)/ml by 
viable count method on blood agar plates. 
Fecal sample collection and sources 
The 1-2 Test was compared to the standard culture method for Salmonella by using 
both naturally (field) and artificially (spiked) contaminated fecal samples. There were 169 
total field samples originating from 6 different herds in 6 different states. The age of pigs in 
pens or for individual samples was 5-6 months and feces originated from either pen floors or 
pig rectal swab. Pooled pen fecal (PPF) samples (n=118) were comprised of 25 g, 5 samples 
of 5 g each collected from 5 different places within a pen. Pooled samples were from 4 
different farms, approximately 30 samples per farm. These were collected with a sterile 
tongue depressor and pooled in a 500 ml sterile bag. The remaining field samples were pig 
rectal swabs (n=51) collected with Culturette swabs (Becton Dickinson, Sparks, MD) from a 
single herd known to be positive for Salmonella by previous culture and serology. All field 
samples were sent overnight to the laboratory with ice packs and processed within 24 h. The 
PPF samples that were to be spiked were collected in the same manner, however they were 
from one herd which had never produced a positive sample either by culture of PPF samples 
or by the Danish Mix-ELISA11 of serum samples during the prior 24 months of monitoring. 
Standard culture method 
The standard culture method (SCM) utilized in this laboratory was used for 
comparative study. The first step was pre-enrichment, accomplished by the addition of 225 
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ml of 2% buffered peptone water (BPW) directly to the bag containing approximately 25 g of 
feces, or by adding the fecal swab to a tube containing 9 ml BPW. Samples were 
homogenized by mixing or vortexing and incubated for 18-24 h at 37°C. On day 2, 100 pi of 
the BPW was transferred to 9.9 ml of Rappaport-Vassiliadis (RV) broth and incubated at 
42°C for 18-24 h for selective enrichment. A sterile swab was used to inoculate 
approximately 10 pi of the RV onto a xylose-lysine-deoxycholate (XLD) plate. On day 4, 
isolated colonies that were presumptive positive for Salmonella were selected and inoculated 
into Kliglers, sulfide indole motility (SIMs), phenylalanine slant and a lysine iron agar (LIA) 
slant for confirmation. A blood agar plate was inoculated to confirm a pure culture and to 
obtain colonies for serogrouping using Salmonella O antisera (Difco, Detroit, Michigan). 
1-2 Test 
The 1-2 Test vials were inoculated from the same RV tubes used for the SCM 
protocol. After the RV was streaked on XLD, the tubes were again vortexed and 100 pi was 
transferred to the 1-2 inoculation chamber. The test units were then incubated at 37°C for 
14-30 h in the trays provided by the manufacturer. Following visual inspection of the units, 
the presumptive positive samples were confirmed by streaking from the inoculation chamber 
to an XLD plate. Plates were incubated and colonies processed as described by the standard 
culture method. 
Spiked samples 
The PPF samples known to be Salmonella free and collected as described above were 
all inoculated with S. Typhimurium. Spiked samples were used in order to determine the 
minimum number of cfu needed to produce a positive result for both the standard culture 
method and the 1-2 Test.12 There were 6 trials, two samples per dilution per trial, consisting 
137 
of PPF samples spiked with 1 ml of inoculum ranging from 2.5 x 104 down to 2.5 xlO0 cfu/g 
and also a negative control. Samples were then processed as described above for both the 
standard culture and 1-2 Test methods. 
Statistical analysis 
The validity of the two tests was determined by first calculating the sensitivity and 
specificity along with 95% confidence intervals for proportions. The sensitivity was defined 
as the proportion of true positives detected by the method whereas specificity was defined as 
the proportion of true negatives that were detected.13 The positive predictive value (PPV) 
and negative predictive value (NPV) were determined, along with 95% confidence intervals 
for proportions, and defined respectively as the probability that samples positive by a test 
were truly positive and samples negative were truly negative.13 
Contingency tables were developed and the tests compared using McNemar's chi-
square test for matched samples, [%2= ( I a -1\ - 1 )2/ (a + b)\, where a represents the number 
of samples positive by the 1-2 Test and negative by the standard culture method, and b 
represents samples negative by the 1-2 Test and positive by the standard method. This test 
was used to determine if there was a statistical difference between the two tests at p = 0.05. 
Relatedness of the two test methods was also determined by using the Kappa coefficient.13 
Results 
The concentrations of S. Typhimurium detectable in PPF samples by the standard 
culture and 1-2 Test is presented in FIGURE 1. Salmonella Typhimurium was detected by 
both methods in 25 g PPF samples that were inoculated with 104 cfu and higher. Inoculation 
with non-Salmonella organisms produced no presumptive positive results. 
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A total of 60 PPF samples were spiked, 36 were positive by the standard culture 
method and 51 by the 1-2 Test. Differences between the two test methods became more 
apparent as the concentration of inoculum declined with the 1-2 Test detecting more 
positives (FIGURE 1). Of the 1-2 Test positives samples, 47 were confirmed by recovery of 
Salmonella from the test vials whereas 4 failed to produce a Salmonella reisolate. The 1-2 
Test had better recovery rates at lower concentrations than the S CM resulting in a %2 value of 
4.00 (at P=0.05) for the overall spiked sample study. 
Results generated from naturally contaminated field samples are summarized in 
TABLE 1. There was no statistical difference between the tests at the 5% probability level 
for PPF samples (%2 = 2.25) or rectal swabs (%2 = 0.00). Both PPF and rectal samples showed 
high agreement between the two test methods by the kappa comparison. The performances of 
the two methods for all samples tested are compared in TABLE 2. 
Both the 1-2 Test and standard culture (if there are no suspect colonies) required 72 h 
to deem a sample negative. If non-Salmonella suspect colonies were present on XLD, 
negatives took an additional 24 h. As a result, the standard culture method took 96 hours to 
confirm any suspect colony (sample) as either negative or positive. The 1-2 Test could 
identify a positive sample, without further biochemical confirmation, in 72 hours. 
Discussion 
This is the first report of the 1-2 Test being used for Salmonella detection in pig feces. 
When compared to the standard culture method, the 1-2 Test had a sensitivity and specificity 
of 100% and 96.2% respectively for PPF samples, and 100% and 97.6% respectively for 
rectal swabs. The high sensitivity and specificity as compared to standard culture methods 
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make it acceptable to treat a presumptive positive sample as truly positive even though 
confirmation would take additional time. 
The main purpose for the use of rapid detection kits is to decrease the amount of time 
and labor needed to declare a sample positive or negative. Although the time required to 
obtain a negative result was the same for both test methods, the standard culture method did 
not detect a positive sample determined negative by the 1-2 Test (TABLE 1). The 1-2 Test 
eliminated the labor and material required to plate all samples on agar and pick colonies 
suspect of being Salmonella for inoculation into many biochemical tests. This supports 
previous studies using the 1-2 Test for food samples.6 Thus, the major advantage of the 1-2 
Test over conventional culture methods is the ease with which negative samples can be 
identified. 
The data generated from the spiked feces trials showed a significant difference 
between the 1 -2 Test and standard culture. However there was no difference when the two 
methods were compared using Salmonella positive field samples. This is in agreement with 
previous studies in which the 1-2 Test was equivalent to standard culture methods for 
isolation of Salmonella from food products.7,8,14 The spiked feces trials covered a wide range 
of differing cfu/g whereas the field samples, although not quantified, may have contained a 
more consistently higher concentration easily detectable by both methods. It is possible that 
the differences seen in the spiked feces experiments was due to declining concentrations of S. 
Typhimurium in competition with the normal microflora of the feces samples. 
It should be noted that the 1-2 Test does not detect non-motile Salmonella. However, 
previous prevalence studies have shown that very few non-motile Salmonella isolates are 
obtained from finishing pigs.1,2,3,5 
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Based on the results of this trial, the 1-2 Testis acceptable for detecting motile 
Salmonella in swine feces when both pre-enrichment and selective enrichment are used prior 
to inoculation. 
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TABLE 1 : Summary of Salmonella isolation from feces using standard culture method 
(SCM) and the 1-2 Test 
False False 
Method Positives Negatives Kappa (SE") 
Positives Negatives 
Pen feces SCM 14 0 104 4b 
.855 (.09) (n = 118) 1-2 Test 18 2° 100 0 
Rectal swabs SCM 10 0 41 1 
.939 (.14) (n = 51) 1-2 Test 11 0 40 0 
a Standard Error 
b All four were found and confirmed positive by the 1-2 Test 
0 These two samples were negative both on 1-2 Test confirmation and by SCM 
TABLE 2: Performance of the 1-2 Test when compared to standard culture method (SCM) as 
the gold standard 
Sensitivity Specificity PPV NPV 
Prevalence (95% CI) (95% CI) (95% CI) (95% CI) 
Pen feces 96.2% 90.0% 
(n= 118)  15% 100% (NA) (90.4 - (68.3 - 100 (NA) 
98.9) 98.8) 
Rectal 97.6% 
Swabs 22% 100% (NA) (87.1 - 100 (NA) 100 (NA) 
(n = 51) 99.9) 
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2.5 x 10A0 2.5 x 10A1 2.5 x 10A2 2.5 x 10A3 2.5 x 10A4 
Concentration of Salmonella spike in feces (cfu/g) 
FIGURE 1 : Recovery of Salmonella in spiked feces samples by the standard culture method 
and the 1-2 Test. 
" n=12 per concentration 
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